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ABSTRACT
The feasibility of studying ionic motion in glass using thermally
stimulated polarization (TSPC)/depolarization current (TSDC) techniques
was investigated with 4Na 20·96Si0 2 and 30Pb0·70Si0 2 (mol%) glasses.
The TSDC peaks in these glasses were dependent on glass composition and
attributed to bulk polarization.

The high temperature background TSPC

is shown to be due to de conductivity, whereas the TSPC/TSDC peaks in
the 4Na 20 glass are attributed to shorter range Na+ motion.
The electrical conductivity of glasses determined by TSPC agrees
well with that measured by conventional ac or de techniques.

The TSPC

technique is a rapid and easy method of measuring the de conductivity
over the range 10- 15 to lo- 7
ductivities <10- 12

(~·cm)-

1

.

(~·cm)-

1

and is especially suited for con-

Space charge effects are easily detected

and avoided.
Sodium ion motion in three sodium silicate glasses and a sodium
aluminosilicate glass has been investigated by the thermally stimulated
polarization (TSPC) and depolarization (TSDC) current techniques.

The

TSPC/TSDC peaks and a high temperature background (HTB) current in
these glasses are shown to be related to different types of sodium motion and to the glass microstructure.

The commonly observed absorption

current is shown to be related to the TSPC/TSDC peaks.
The thermally stimulated polarization and depolarization current
(TSPC/TSDC) technique has been employed to study Na+ ion motion in four
sodium borate glasses (4 to 16 mol% Na20) over the temperature range 100
to 500°K.

The TSDC peak observed in each glass is tentatively attribu-

ted to interfacial polarization at the boundaries of immiscible phases.
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CHAPTER 1
INTRODUCTION
1•1any important properties of commercia 1 glasses, such as el ectrical

conductivity and loss, ion exchange for chemical strengthening,

chemical durability, and to some degree, mechanical strength (stress
corrosion and static fatigue) are inherently related to alkali ion
movement.

Our understanding of these properties and ability to control

them at will is presently limited by the extent of our knowledge of
alkali ion motion in a disordered, essentially immobile network.

The

objective of the present work was to extend our knowledge of alkali ion
motion in vitreous solids by employing the recently developed thermally
stimulated polarization and depolarization current (TSPC/TSDC) technique.
Chapter 2 describes the use of the TSPC technique to measure the
de conductivity of glass and presents results for some glasses whose
conductivity has been measured by this and other techniques.

Chapter 3

describes general procedures for TSPC/TSDC measurements, the design of
the apparatus, and measurements undertaken to establish the feasibility
of using these techniques to study ionic motion in glass.

Chapters 4

and 5 describe the results obtained for sodium silicate and sodium
borate glasses, and the interpretation given to the TSPC/TSDC peaks
observed in these glasses.
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CHAPTER 2
THERMALLY STIMULATED POLARIZATION CURRENT (TSPC) TECHNIQUE FOR
MEASURING ELECTRICAL CONDUCTIVITY OF VITREOUS SOLIDS
Chi-Ming Hong and Delbert E. Day
Ceramic Engineering Department and
Graduate Center for Materials Research
University of Missouri-Rolla
Rolla, Missouri 65401

ABSTRACT
The electrical conductivity of glasses determined by TSPC agrees
well with that measured by conventional ac or de techniques.

The TSPC

technique is a rapid and easy method of measuring the de conductivity
over the range 10- 15 to 10- 7 (Q·cm)- 1 and is especially suited for
conductivities <10- 12 (Q·cm)- 1 •
detected and avoided.

Space charge effects are easily

3

I.

INTRODUCTION

In most oxide glasses the electrical conductivity is due to ionic
motion~

other

particularly alkali ion

properties~

movement~

and is closely related to

such as mechanical damping and chemical

which also depend on alkali ion motion.

durability~

Because of its practical

importance~ many ac or de techniques 1- 12 have been developed to
measure the conductivity of glasses.
In a recent investigation 13 of thermally stimulated polarization
currents (TSPC), it was found that the de electrical conductivity calculated from the TSPC was in quite good agreement with that determined
by more time consuming techniques.

In

general~

lower conductivities

can be determined by the TSPC technique than by most ac
ing from l0- 15 to l0- 7

(~·cm)-

1

•

methods~

rang-

The lower limit is determined by

electrometer sensitivity and background noise;

whereas~

the upper

limit is determined by space charge buildup at the electrodes. 14

The

advantages for the TSPC technique are that in the low conductivity
region

[<10- 13 (~·cm)- 1 ]~

where the time dependent absorption current

remains for relatively long
quickly and

easily~

times~

the conductivity can be determined

and electrode polarization is easily identified.

The purpose of this paper is to describe the TSPC technique and
to present results for some glasses whose conductivity has been
measured by this and other techniques.

4

II.

EXPERIMENTAL PROCEDURE

The thermally stimulated polarization current (TSPC) technique is
essentially a de measurement with continuously varying temperature.
Figure 1 schematically illustrates a typical TSPC curve obtained when
a glass specimen is cooled to a low temperature (-100°K), any convenient de field is applied, and the specimen is heated at a constant
rate (TSPC-1).

If the specimen is then recooled to a low temperature

with the field still applied and reheated again, the TSPC-2 curve is
obtained.

The low temperature peak and current tail in the TSPC-1

curve are attributed to localized ion motion and are not used in calculating the conductivity.

At higher temperatures a large and

reproducible current, i, is measured whose temperature dependency is
(1)

where Ea is an activation energy, R is the gas constant and T is °K.
Only the linear portion of the TSPC-2 curve in Fig. 1 is used to calculate the de conductivity, cr, from the equation
cr = (id' )/(VA)

(2)

where i is the current at temperature, T, V is the applied de voltage,
d' is the specimen thickness and A is the electrode area.

Any signifi-

cant space charge developing at the electrodes is easily identified
where the TSPC curve at higher temperatures deviates from Eq. (1), see
Fig. 1.
This technique has been used to measure the de conductivity of
four sodium silicate (4, 8, 12 and 25 mol% Na20), five lead silicate

5

(30, 35, 40, 45 and 50 mol% PbO) and four sodium borate (4, 8, 12 and
16 mol% Na 0) glasses.

Disks 1.2 to 2.5 em in diameter and 0.05 to

0.2 em thick were cut from annealed specimens of each glass and gold
electrodes, 0.635 em in diameter, evaporated onto opposite sides of
each disk.

The disk is placed in an electrically shielded measuring

cell which is evacuated and heated (-380°K) overnight to remove water
vapor from the system.

The cell is then filled with dry helium to

improve heat transfer and minimize temperature gradients.

The speci-

men is then connected to an electrometer,* cooled to -100°K, and a de
field applied, Fig. l, heated at any convenient constant rate
(-0.07°K/s) while the current is recorded on an X-Y recorder.
The accuracy of the electrometer was ±2% of full scale for
1.0 x lQ- 11 to 0.3 A and ±4% of full scale for 1 x l0- 14 to 3 x 10- 12

~

The temperature was measured with a chromel-alumel thermocouple in
contact with uncoated portion of the glass disk.

The temperature

accuracy was ±l°K for heating rates of 0.07°K/s.

The error in the

activation energy determined from the linear portion of the TSPC-2
curve was less than ±0.5 kcal/mol.

A more detailed description of the

. g1ven
.
proce d ures an d appara t us 1s
e 1sew here. 13

*Keithley Instruments, Model 6108 Electrometer, Cleveland, Ohio.
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III.
(1)

RESULTS AND DISCUSSION

Guard Rings
A 25Na20·75Si0 2 (mol%) glass was used to determine the necessity

of guard rings, since this glass has a low chemical durability and its
surface conductivity could vary significantly upon contact with
moisture.

There was no detectable difference in the TSPC, with and

without guard rings, when the cell containing the specimen was evacuated (35
helium.

~m

Hg) and held at -380°K overnight before filling with dry

All data reported herein are for specimens measured without

guard rings and from the TSPC-2 curves, Fig. 1.
(2)

Effect of Applied Field
The field strength for conventional de techniques (50 to 200 V/cm)

is relatively small compared with that for the TSPC technique (700 to
3000 V/cm).

Figure 2 shows the conductivity for two sodium silicate

glasses measured with different field strengths. Obviously, the
differences in conductivity are small and well within experimental
error.

Higher fields were used for the low conductivity glass at low

temperatures where the noise level
compared to the TSPC.
(3)

(~1

x 10- 13 A) is relatively large

Good reproducibility was obtained.

Conductivity Determined by TSPC
Figure 3 compares the conductivity of various sodium silicate

glasses determined by TSPC with that measured by other de or ac
techniques. 1-6
0

0

,

The activation energy, Ea' and preexponential factor,

calculated by least squares analysis of the TSPC data are listed in

Table I along with other reported values.

The nonlinear portion of the

7

conductivity curve A above -400°K in Fig. 3 clearly indicates where
electrode polarization becomes significant.

A specimen wherein signi-

ficant electrode polarization has developed should not be used for
further measurements, since erroneous data may result from the
nonreversible character of this polarization.
Similar data for lead silicate glasses are shown in Fig. 4.

The

TSPC results are again in good agreement with conventional de measurements.7-9

The activation energy and the preexponential factor deter-

mined from TSPC are listed in Table II.
Table III and Fig. 5 show the activation energy, preexponential
factor and conductivity for sodium borate glasses determined by TSPC,
ac, 10 and dc 11 , 12 techniques.

The 16Na 20·84B 20 3 glass specimens used

for the TSPC and ac measurements* were from the same melt and the
results are in excellent agreement.
The advantage of the TSPC technique over commonly used ac and de
techniques is clearly demonstrated for the 4Na20·96B 20 3 glass, Fig. 5.
The conductivity of this glass at its softening point (-493°K) is
-3 x 10- 13 (Q cm)- 1 •

With conventional ac methods it becomes increas-

ingly difficult to measure the conductivity at even lower temperatures,
below the glass transformation temperature, in order to calculate the
activation energy for such a glass.

These low conductivities are

easily measured by the TSPC technique and, furthermore, the conductivity can be measured over an interval of several hundred degrees in
about 2 h.

*Wayne-Kerr, Model 8224 Conductivity Bridge.
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IV.

CONCLUSIONS

The excellent agreement between the de conductivity calculated
from the TSPC-2 curves and that obtained by ac and de techniques
shows that the TSPC technique is an accurate and sensitive method
of measuring low conductivities [10- 15 to 10- 7 (n-cm)- 1 ] without
the necessity of guard rings.

The usefulness of the technique is

demonstrated by the measurements on a 4Naz0·96Bz03 glass where
conventional ac techniques could not be used.

The limitation of

the technique is that it cannot be used at temperatures where
electrode polarization is rapid, which in the glasses investigated
was at

~1Q-

7

(n·cm)-

1

•

However, the development of electrode polar-

ization is easily recognized in the TSPC curve.
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Table I
Activation Energy (Ea) and Preexponential Factor ( 00 ) for Conductivity
of Sodium Silicate Glasses as Determined by TSPC and ac or de Techniques
TSPC t4ethod
Glass

Com~osition

mol%

Other Methods
Technique
ao

Reference

Ea

ao

4Na 20 ·96Si0 2 (922°K, 1 h)

26.5

13.80

this work

4Na 20·96Si0 2 (903°K, 8-1/6 h)

27.0

15.11

this work

-

Ea

4Na 20.96Si0 2 (873°K, 8 h)

24.8

5Na 20 .gss;o 2

25.8

5Na 20 .95Si0 2 (973°K, 4 h)
7.9Na 20.92.1Si0 2
8Na 20 .92Si0 2

17.9

de

1

32

de

2

26.9

18

de

2

18.0

25

ac

3

5.47

22.75

ll.9Na 20.88.1Si0 2

this work
16.7

28.79

de

4

12Na 20.88Si0 2

15.6

17.94

this work

25Na 20 .75Si0 2

14.9

44.18

this work

25Na 20. 75Si0 2

15.0

25Na 20.75Si0 2

16.5

Ea: kca1/mo1

a0 : (n.cmt 1

53.28
147.7

de

5

ac

6
__,
m

Table II
Activation Enrgy (Ea) and Preexponential Factor (a 0 ) for Conductivity
of Lead Silicate Glasses as Determined by TSPC and ac or de Techniques
Glass Composition mol%
30Pb0·70Si0 2

TSPC Method
Ea
ao
28.4

Ea

Other Methods
Technique
ao

Reference
this work

5.63

30Pb0·70Si0 2

29.3

-

de

7

30Pb0·70Si0 2

28.4

1.0

de

8

30Pb0·70Si02

31.1

5.7

-

9

35Pb0·65Si02

27.0

this work

8.09

35Pb0·65Si02

28.0

-

de

7

35.7Pb0·64.3Si0 2

27.7

1.0

de

8

40Pb0·60Si0 2

26.5

this work

8.06

40Pb0·60Si0 2

27.7

-

de

7

40Pb0·60Si02

29.2

20.6

-

9

44.3Pb0·55.7Si0 2

26.5

4.2

de

8

45Pb0·55Si02
45Pb0·55Si0 2

24.6

this work

9.68
26.0

-

de

7

__,
"'--

Table II (Continued)

Glass

Composition~~~rTl_ol%

TSPC Method
a
Ea

0

25.1

50Pb0·50Si0z

E
a

Other Methods
a
Technique
0

Reference
this work

10.79

50Pb0•50Si0z

26.3

-

de

7

50Pb0·50Si0z

25.6

4.0

de

8

50Pb0·50Si0z

28.3

42.0

Ea: keal/mol

9

ao: (Q•cmt 1

(X)

Table III
Activation Energy (Ea) and Preexponential Factor (a 0 ) for Conductivity
of Sodium Borate Glasses as Determined by TSPC and ac or de Techniques
TSPC Method
Glass Composition mol%
4Na20•96B203

Ea

ao

30.3

1. 78

Ea

31.7

8Na 20·92820 3

Reference
this work

35.6

5Na20•95B203

Other Methods
Technique
a
0

371.5

de

12
this work

24.35

lONa20•90B20s

32.3

107.2

de

12

lONa20•90B20s

33.5

-

de

11

28.6

12Na20•88B203

this work

29.60

15Na20•85B203

28.0

76.9

de

12

15Na20•85B203

26.5

-

de

11

26.0

l6Na20•84B203

25.5

l6Na20•84B20s

Ea: kca 1/mo 1

this work

29.43

a0 : ( n•em )- 1

4.5

ac

10

.....
1.0
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CHAPTER 3
THERMALLY STIMULATED POLARIZATION AND DEPOLARIZATION CURRENT (TSPC/TSDC)
TECHNIQUES FOR STUDYING ION MOTION IN GLASS
Chi-Ming Hong and Delbert E. Day
Ceramic Engineering Department and
Graduate Center for Materials Research
University of Missouri-Rolla
Rolla, Missouri 65401

ABSTRACT
The feasibility of studying ionic motion in glass using thermally
stimulated polarization (TSPC)/depolarization current (TSDC) techniques
was investigated with 4Na 20·96Si02 and 30Pb0·70Si0 2 (mol%) glasses.
The TSDC peaks in these glasses were dependent on glass composition and
attributed to bulk polarization.

The high temperature background TSPC

is shown to be due to de conductivity, whereas the TSPC/TSDC peaks in
the 4Na 2 0 glass are attributed to shorter range Na+ motion.
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I.

INTRODUCTION

The thermally stimulated polarization current (TSPC) and thermally
stimulated depolarization current (TSDC) techniques for studying charge
motion in solid dielectrics are based on the thermally activated
release of trapped charge or polarization 1 - 5 from localized energy
levels.

During heating, the release of trapped charge or polarization

from a dielectric produces an electrical glow curve (current peak)
analogous to the more widely known glow curve observed when a thermoluminescent material is heated.

The source of the thermally stimulated

current may be (a) the thermal release of trapped electrons, holes or
ions, (b) some type of orientational (dipole) polarization, and (c)
space charge polarization.

If a material contains several traps of

different energy, then a corresponding number of current peaks should
be observed during heating.
.
1ves measur1ng
.
.
1, 2 1nvo
th e curren t f rom a so 11"d
Th e Tspc tee hn1que
dielectric subjected to a steady-state (de) electric field as the
dielectric is heated (commonly at constant rate) from some low temperature T0 •

When the solid contains a non-equilibrium concentration of

trapped charge, as produced by irradiating the solid with y-rays, Xrays, UV, etc., this charge is thermally released during heating and a
current peak is produced. 6- 11

Similarly, if the material contains some

type of dipole, such as the impurity-vacancy complexes in alkali
halides, 5 • 12 - 14 dipole orientation commences with increasing temperature (under the applied field) and this orientational polarization
produces a current peak.

In either case, the temperature dependent

current, I(T), for a first order process is given by 1
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I(T) = A·exp(-E a /kT)·exp[-BJTT oexp(-E a /kT )dT
1

(1)

1 ]

where Ea is an activation energy or trap depth, k is the Boltzmann constant, and A and B are constants depending upon the current source
(trapped charge, dipole polarization or other) and measurement conditions (electrode area, heating rate, etc.).
The procedures for the TSDC technique, 4 • 5 used primarily to study
dipole polarization, differ slightly from the TSPC technique.

A

material containing an electrical dipole is first polarized with a de
field, sp' for a time, tp, at a temperature, Tp, where dipole orientation can occur (dipole relaxation time T(Tp)<<tp)' but space charge
polarization can be avoided.

The specimen is then quenched to a suit-

ably low temperature, T0 , (e.g. 100°K) generally with the field applied,
where dipole motion essentially ceases, T(T0 )>>T(Tp).

The field is then

removed and the specimen temporarily short circuited.

During heating

(constant or hyperbolic rates have been used), the discharge (depolarization) current is measured as a function of temperature.

When the

dipole relaxation time, T, varies as
(2)

the reorientation of the dipoles to their random configuration during
heating produces a current, I(T), given by 2 • 5

where Nd is the dipole concentration,

~

is the dipole moment, a is a

factor for the freedom of dipole orientation, b is the heating rate
and the other terms have been defined.
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The TSDC technique has been used to study charge trapping in
chalcogenide (AszSe3) glasses, 15 - 17 migration polarization in aluminophosphate glasses, 18- 19 and Na+ motion in thermally grown vitreous
silica films on silicon. 20 - 22

In this latter study, 20 - 22 the thermal

detrapping (release) of Na+ ions from either the Si-Si02 or Si02-Al
electrode interface produced TSIC (thermally stimulated ionic current)
peaks from which the trap depths and Na+ mobility were determined.
To date, the TSPC/TSDC techniques have not been applied to
alkali-containing oxide glasses.

This paper describes measurements

undertaken to establish the feasibility of using these techniques for
studying ionic motion in glass.

The effect of polarization field,

type of electrodes and measuring atmosphere are illustrated with
results for 4Naz0·96Si02, 25Na20·75Si0z and 30Pb0·70Si02 (mol%)
glasses.
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II.
(1)

EXPERIMENTAL PROCEDURES AND APPARATUS

TSDC Measurements
A typical measurement sequence is shown in Fig. 1 (A) where a

dipole orientation process has been assumed for purposes of illustration.

The specimen is first polarized with a de field, €p' at

temperature, Tp' for a time tp.

Tp should be high enough for dipole

alignment, but low enough to avoid significant space charge polarization.

The specimen, with Ep still applied, is quenched to a low

temperature T0 << Tp
negligible.

(T 0 ~100°K),

where dipole motion is essentially

At T0 , EP is removed, the two electrodes are

temporarily short circuited (-1 min), and the specimen is connected
to an electrometer.

As the specimen is heated at a constant rate,

0.05-0.l°K/s is generally suitable; the discharge current is recorded
as a function of temperature.

As shown in Fig. 1 (A), one, or more,

current peaks are observed as the dipoles assume their random
orientation.
(2)

TSPC Measurements
The sequence for this measurement is shown in Fig. 1 (B) and

the procedure described below again assumes a dipole orientation
process.
(~00°K)

The specimen is first quenched to a low temperature T0
where a battery, the specimen, and an electrometer are

connected in series.

The specimen is then heated at a constant rate,

b, and as the dipoles become oriented the current increases and
reaches a maximum.

This current is denoted as TSPC-1, where 1 desig-

nates the first heating.

The specimen is then requenched to T0 , with

the Ep still applied and reheated a second time at a constant rate,
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this current being denoted as TSPC-2.

No current peak due to dipole

orientation is observed, since the dipoles became oriented during the
first heating.

TSPC-2 can be used for calculating the de conductivity

of the specimen. 23
The specimen is again quenched to T0 with the EP still applied.
The Ep is then removed and the electrodes temporarily short-circuited
for -1 min after which the specimen is connected to an electrometer in
the manner for measuring TSDC.

While heating the specimen at a con-

stant rate, the TSDC curve is recorded as a function of temperature.
At Tm, a peak identical to that in TSPC-1 should be observed as the
dipoles become randomly oriented.
(3)

Apparatus
The apparatus for measuring the thermal current included an elec-

trometer,* an X-Y recorder, and a cell (Fig. 2) which could be evacuated to -15

~

Hg and heated from 78 to 600°K.

Glass disks 1.2 to 2.5

em in diameter and 0.05 to 0.2 em thick were cut and ground from larger
annealed rods.

Gold electrodes, 0.635 em in diameter, were evaporated

onto both sides of the disk.
trodes and two alumina plates.

The disk was held between two brass elecThis assembly was held together by a

metal frame which was attached to an inner copper tube (for supporting
the electrode assembly).

The entire assembly was placed in an outer

copper container that provided added electrical shielding and which
could be evacuated or filled with dry helium (during heating).
The temperature was measured with a chromel-alumel thermocouple
in contact with a portion of the uncoated surface of the glass disk.
*Keithley Instruments, Model 6108 Electrometer, Cleveland, Ohio.
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During a measurement, the cell contained dry helium (-1 atm) to
improve heat transfer and minimize temperature gradients.

The tempera-

ture accuracy was ±l°K for a heating rate of 0.05 to 0.1 °K/s.

The

reproducibility of the current maximum temperature, Tm' was ±3°K
for the same heating rate.
The accuracy to which the current could be measured by the electrometer was ±2% of full scale for 1 x 10- 11 to 0.3 A and ±4% of full
scale for 1 x l0- 14 to 3 x 10- 12 A.

Currents <5 x 10- 14 A could not

be measured accurately and currents <1 x 10- 13 A could not be accounted
for quantitatively. The reproducibility of the peak current (height)
was within ±10%.
During a TSDC measurement, the resistance of the shunt resistor
in the electrometer was kept at least two orders less than the specimen
resistance, so that the charge in the specimen was freely discharged.
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III.
(1)

RESULTS AND DISCUSSION

Bulk Versus Surface Polarization
To establish that the currents measured were due to bulk polariza-

tion of the glass and not simply electrode effects, three different
experiments were performed.

In the first experiment, an alumina disk

(99.9% Al203) of the same material used to insulate the two electrodes,
was placed between the electrodes, polarized at 420°K and the TSDC
measured.

An essentially constant background current <5 x 10- 14 A was

measured between 100°K and 550°K.

This was taken to be the background

current of the system.
In the second, the TSDC from an unpolarized 30Pb0 glass disk was
measured, Curve A in Fig. 3.

This specimen was then polarized at 420°K,

quenched to 100°K and the TSDC measured on heating to 463°K, during
which a peak at 4l6°K was observed, Curve B in Fig. 3.
was then repolarized, but with the field reversed.

The specimen

As expected, the

TSDC measured on heating, Curve C in Fig. 3, was the reverse of Curve B
with the same peak temperature and magnitude.

After several polariza-

tions (electrical and y-ray irradiation) and discharge cycles, the TSDC
was measured without polarization and was essentially the same as Curve
A, Fig. 3.

These results demonstrate the reversibility of the TSDC

peak, its dependence upon the polarity of the applied de field, and show
that repeated polarization produced no detectable permanent changes in
the glass.
As further verification that bulk polarization was being observed,
the third experiment was performed on two different glasses.

After an

initial TSDC measurement, a 30Pb0 glass was repolarized at 420°K and
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quenched to -295°K (with the de field applied).

The field was then

removeds the specimen removed from the apparatus, and the gold electrodes and -10

~m

of each surface ground off.

After evaporating new

electrodes onto the previously polarized specimen {specimen was heated
slightly during electrode evaporation), it was replaced in the apparatus and the TSDC measured a second time without any additional polarization.

As expected for bulk polarization, the second curve, TSDC-2

in Fig. 4, was essentially identical to the first, TSDC-1, since the
glass removed was small compared to the total thickness (750

~m).

If

polarization had been confined to a thin surface layer onlys then the
peak for TSDC-2 would have been smaller or absent.
The results for a similar experiment using a 4Na 20 glass are given
in Table I.

In this case a significant portion of each surface was

removed after polarization, but the charge remaining (79%) for the TSDC
peak at 370°K was essentially proportional to the remaining sample
volume (86.4%) and there was no change in peak temperature.

These

results clearly establish that polarization had occurred in the bulk
and was not confined to just a thin surface layer.
(2)

Effect of Water Vapor
Water vapor reduces the electrical resistance of a glass surface

and could, therefore, affect the current measured.

A 25Na20 glass was

used to determine the effect of surface moisture, since this glass has
a relatively low chemical durability.

TSPC/TSDC measurements were

performed both with and without preheating the cell and specimen under
vacuum {-373°K overnight) or passing the helium through a cold trap
prior to its introduction into the cell.

Measurements performed
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without preheating or the cold
(dotted curve in Fig. 5).

trap~

showed a current peak at 250°K

When the cell was evacuated and held at

373°K overnight and the helium passed through a liquid nitrogen cold
trap~

the TSPC/TSDC curves in Fig. 5 were reproducible and the peak at

250°K was absent.
For the purpose of eliminating the peak at 250°K, which is attributed to water

vapor~

and obtaining reproducible data, the cell is kept

moisture-free by heating the specimen and cell under vacuum above 373°K
overnight and passing the helium through a liquid nitrogen cold trap to
remove residual water vapor.
(3)

Typical TSPC/TSDC Results
Data for a 4Na 2 0 glass are shown in Fig. 6.

The specimen was

cooled initially to -100°K, the field (2523 V/cm) applied, and the
specimen heated to -403°K (TSPC-1 curve), recooled to -100°K with the
field applied and reheated (TSPC-2 curve), and then recooled a third
time to -100°K where the field was removed and reheated (TSDC-3 curve).
The important aspects of these results are:

(a) a peak at 220°K is

present for TSPC-1 but is missing in TSPC-2, (b) a large and reproducible current (TSPC-1 and 2) is observed at higher temperature whose
temperature dependency is
(4)

(c) the TSDC-3 curve contains two peaks, a peak at 220°K corresponding
to that observed for TSPC-1 and a second peak at 373°K which was hidden
by what is called the high temperature background (HTB) current for
TSPC-1 and 2, and (d) the TSPC-2 and TSDC-3 curves when added together
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are essentially identical to TSPC-1.

There is excellent reproducibility

in the HTB for repeated TSPC measurements as illustrated in Fig. 6,
which would not be the case if significant space charge polarization
developed during the previous heating cycles.

Space charge (or elec-

trode) polarization does not become significant until >600°K, for this
glass.

In glasses of higher alkali content (-25 mol% Na 2 0), the current

deviates from Eq. (4) when the conductivity is

?lo-~n·cm)- 1 i.e.,

above

373°K.
The de conductivity calculated from the HTB, particularly for
TSPC-2, agrees well with that determined by more complicated ac or de
techniques.

The right hand scale in Fig. 6 corresponds to the de

conductivity calculated from the HTB of the TSPC-2 curve.
B represent the conductivity 24 for a 5Na 2 0 glass.

Lines A and

The TSPC technique is

a convenient method of measuring the de conductivity between 10- 7 and
lQ- 15 (n·cm)- 1 (upper limit being determined by space charge polarization, whereas the lower limit is determined by electrometer sensitivity
and background noise).
The TSDC curves depend greatly on glass composition and polarization conditions.

For instance, lead silicate glasses (30 to 50 mol%

PbO} show only one current peak (Fig. 4); however, two TSDC peaks are
detectable in most sodium silicate glasses, Fig. 6, when properly
polarized.

For polarization temperatures where Tp>>Tm' the peaks are

hidden by the HTB current and are only faintly resolved bumps on the
TSDC curve (Fig. 5).
Several polarization processes can be anticipated for alkali silicate glasses and associated with the TSDC/TSPC peaks observed in the
4Na 2 0 glass.

The first consists of the orientation of the alkali ions
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around the non-bridging oxygens (NBO) as proposed by Charles 25 • 26 i.e.,
a type of alkali+-(NBO)- dipole orientation where the alkali ion jumps
to other equivalent sites about the NBO to which it is bonded, but the
NBO is anchored.

This type of alkali ion motion is consistent with the

characteristics of the TSDC peak at 220°K in Fig. 6, since this peak
was observed in TSPC-1 (dipoles orient) was absent in TSPC-2 (dipoles
still oriented), but was again observed in TSDC-3 when the specimen was
reheated with the Ep removed (randomization of dipoles).

Furthermore,

the activation energy for this peak, 7-10 kcal/mol, is reasonably close
to the strain energy for sodium ion movement, 27 • 28 and the compositional
dependence of the peak magnitude correlates well with the Na+-(NBO)dipole concentration calculated 29 for glasses containing 4 to 25 mol%
Na20.
In glasses consisting of two immiscible phases of different electrical characteristics, such as the 30Pb0 and 4Na 20 glasses which are
both phase separated, 30 • 31 some type of polarization can be expected at
the interface of the immiscible phases.

In the case of the 4Na 20 glass,
0

which contains isolated sodium-rich droplets (-400 A in diameter)
distributed in a sodium-poor matrix, 31 the difference in sodium ion
mobility can be envisioned to cause interfacial polarization at the
phase boundaries.

Tentatively, the TSDC peak at 373°K in the 4Na20

glass is attributed to an interfacial polarization of this type whereby
the higher mobility of the sodium ions in the droplet results in their
polarization relative to the matrix.
The excellent agreement between the HTB portion of the TSPC curves
and the electrical conductivity 24 shows that the alkali ion movement
being measured is the long range alkali ion motion corresponding to that
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responsible for de conductivity.

In the 4Na 2 0

this general

glass~

drift of the sodium ions becomes appreciable at about the same temperature which the 373°K TSDC peak is located.

This provides an excellent

example of the usefulness of the TSDC technique since the polarization
(alkali motion) associated with the 373°K peak is hidden by the start
of the HTB when the glass is heated with an applied field (TSPC) and
only becomes evident when the general drift motion of the alkali ions
is eliminated by removal of the field (TSDC).

Thus~

in conventional ac

techniques where an applied field must be used, the polarization
detected by TSDC may be difficult to separate from the
motion caused by the applied field.

11

Conduction ..
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IV.

CONCLUSIONS

The thermally stimulated currents measured in this investigation
are concluded to result from polarization processes occurring within
the glass bulk rather than at the electrode only where the polarization
would be confined to a thin surface layer.

From the results obtained

for the 4Na20 glass, the TSDC technique appears particularly useful for
investigating alkali ion motion in glass, since the absence of an
applied field reveals features of alkali ion motion that may often be
obscured by the general drift of alkali ions (conduction) that occurs
with an applied field.
The TSDC/TSPC peaks for the 4Na20 glass are interpreted on the
basis of a type of alkali motion differing primarily in terms of
distance, i.e., the TSDC peak at 220°K is due to the short range motion
of a Na+ ion around a given, immobile NBO; whereas, the 373°K TSDC peak
is due to Na+ ion motion within the alkali-rich droplets which produces
interfacial polarization at the immiscible phase boundaries.

The HTB

consists of Na+ ion motion corresponding to that for de conductivity
and over considerably larger distances.
Care must be taken to insure that any moisture within the system
(sample surfaces, cell, and gas atmosphere) has been removed prior to
measurement.

An overnight vacuum bake-out at

~373°K

is adequate to

eliminate the TSDC/TSPC peak at 250°K, which is a certain indication of
moisture contamination, and to obtain reproducible TSDC/TSPC data.
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LIST OF FIGURES
Figure
1.

Schematic Representation of (A) TSDC and (B) TSPC Measurements.
(A) TSDC Measurement: (a) polarization,

2.

(b) quenching,

measurement

and (B) TSPC Measurement: (a) quenching,

(c) TSPC-2,

(d) TSDC-3.

(c) TSDC
(b) TSPC-1,

E: electrometer and R: recorder.

TSDC/TSPC Measuring Apparatus.
(a) copper wire to electrodes, (b) alumina tube, (c) Teflon insulation, (d) thermocouple, (e) 0-ring, (f) helium inlet, (g) pressure gauge, (h) inner copper tube, (i) thermocouple spaghetti,

(j) screw, (k) insulating alumina plate, (1) glass specimen,
(m) metal frame, (n) set screw, (o) electrode, (p) spring, (q)
set screw, (r) helium outlet, (s) to vacuum pump and (t) copper
container.
3.

The Effect of Polarization Field Polarity, 30Pb0•70Si02(mol%)
Glass.
Curve A: background, no polarization. Curve B: Tp=418±2°K and
p=+3813 V/cm. Curve C: Tp=418±2°K and £ p=-3813 V/cm. For all
measurements b=0.07 °K/s and tp=l200 s.
£

4.

Comparison of TSDC Peak in a 30Pb0•70Si02(mol%) Glass Before and
After Surface Removal.
original, without surface removal after polarization.
with surface removal (10

~m

each side) after polarization.
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Figure
5.

Effect of Water Vapor in Measuring System for a 25Na20•75Si02
Glass.
------

TSPC-1,

-----: TSPC-2,

helium with or without guard ring,

-·-·-·: TSDC-3, measured in dry

p=811 V/cm. Peak shown by
dotted line (••••••) attributed to water vapor in measuring
E

system.
6.

Typical TSPC/TSDC Curves for 4Na20•96Si02 Glass.
TSPC-1,

------

TSPC-2,

-·-·-·: TSDC-3,

p=2523 V/cm
and b=0.07°K/s. Dotted (······) line is background, no polarizaE

tion, curve. Curves A and B are the de conductivity for
5Na 20•95Si0z glass (Ref. 24).
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Table
I.

Comparison of Charge (Polarization) and Specimen Volume for a
TSDC Peak in a 4Na 2 0·96Si0 2 Glass.
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Table I
Comparison of Charge (Polarization) and Specimen Volume for a
TSDC Peak in a 4Na 2 0·96Si0 2 Glass

TSDC-1*

TSDC-2**

Ratio
{TSDC-2/TSDC-1)%

Specimen Thickness (em)

0.180

0.156

86.4

Specimen Volume (cm 3 )

0.0572

0.0494

86.4

Total Charge (C)

5.02xl0- 10

3.97xl0- 10

79.0

Maximum Current !max (A)

9.lxl0- 13

6.4xl0- 13

70.3

Temperature at !max (°K)

369

370

*Initial measurement, no surface removed.
**Specimen repolarized using same conditions as TSDC-1 and then electrades and surface removed.
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CHAPTER 4
THERMALLY STIMULATED POLARIZATION AND DEPOLARIZATION CURRENT (TSPC/TSDC)
IN GLASS:

I. SODIUM SILICATE GLASSES

Chi-Ming Hong and Delbert E. Day
Ceramic Engineering Department and
Graduate Center for Materials Research
University of Missouri-Rolla
Rolla, Missouri 65401

ABSTRACT
Sodium ion motion in three sodium silicate glasses and a sodium
aluminosilicate glass has been investigated by the thermally stimulated
polarization (TSPC) and depolarization (TSDC) current techniques.

The

TSPC/TSDC peaks and a high temperature background (HTB) current in
these glasses are shown to be related to different types of sodium
motion and to the glass microstructure.

The commonly observed absorp-

tion current is shown to be related to the TSPC/TSDC peaks.
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I.

INTRODUCTION

It is well established that the alkali ions in silicate glasses
are the exclusive charge carriers and are responsible for such electrical properties as the de absorption

current~

ac dielectric loss and

conductivity. 1 Several models for alkali ion movement have been proposed to account for the electrical properties of glass, 2- 7 but
Charles• model 6 is considered the most pertinent to this work because
of the details it provides for alkali ion motion on an atomistic scale.
In a previous paper~ 8 the thermally stimulated polarization/
depolarization current peaks observed in a 4Naz0·96Si0 2 (mol%) glass
were interpreted as indicating both a short range type of sodium motion
and the longer range sodium motion typically associated with that for
de conductivity.

Charles proposed two classes of alkali ion motion 6

which seemed to agree with these preliminary thermally stimulated current results.

In what Charles calls class (1) events, an alkali ion

was postulated to jump to other nearly equivalent sites about the same
non-bridging oxygen (NBO) to which it was bonded, thereby, producing a
type of orientational polarization.

Ideally, this motion can be

visualized as the orientation of a alkali+-(NBO)- dipole, wherein
orientation occurs by the mobile alkali ion moving around a stationary
(anchored) NBO.

The activation energy for alkali+-(NBO)- dipole orien-

tation might basically consist of the strain energy for alkali motion
in the glass network.

An alkali+-(NBO)- dipole in glass should have

many characteristics similar to the impurity-vacancy (1-V) dipoles
formed in doped crystalline alkali halides and whose orientation
produces thermally stimulated currents 9-16 from which the d"1po 1e
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concentration and the kinetics for their orientation have been determined.

This type of very short range alkali ion motion in glass has

not been verified experimentally.
In class (2) events, 6 alkali ions are assumed to jump from one NBO
to another by some still not totally understood mechanism, but probably
a combined vacancy-interstitialcy mechanism. 17

A higher activation

energy is expected for this longer range motion, compared to class (1),
since both a strain and electrostatic energy need be considered.

This

is the motion generally considered responsible for de conductivity and
alkali diffusion and which eventually leads to space charge polarization.

The electrical polarization produced by both class (1) and (2)

alkali motion is one source of the ac losses in glass.
Another source of electrical polarization in phase-separated
glasses, as contrasted to homogeneous glasses, is the interfacial polarization that may develop at the immiscible phase boundaries.

This

polarization is most likely in those glasses where the alkali ion mobility is significantly different in the two phases such that alkali
buildup/depletion develops at the interfacial boundaries.

The rela-

tively few instances where interfacial polarization has been
reportedlB,l 9 are essentially confined to low alkali silicate glass
whose microstructure consists of alkali-rich droplets dispersed in a
silica-rich matrix.

In a 6.7Liz0·93.3SiOz 18 and 5Na 2 0·95Si0 2 19 (mol%)

glass with this microstructure, a dielectric loss peak was observed
whose activation energy was significantly less than that for de
conductivity.

This lower activation energy was attributed to alkali

ion motion within the alkali-rich droplets, i.e., high alkali mobility
phase.

In the lithium glass, 18 a second dielectric loss peak with an
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activation energy the same as that for de conductivity was attributed
to alkali ion motion within the continuous, silica-rich matrix phase,
i.e., low alkali mobility phase.
Since the thermally stimulated current technique has been
effectively utilized to identify the sources of electrical polarization in many crystalline 9-l 6 , 20 and some vitreous solids, 21 - 24 the
present investigation was undertaken to determine the extent to which
this technique could detect and provide evidence for the types of
alkali ion motion cited above.

The thermally stimulated depolarization

current (TSDC) technique is particularly well suited for solids where
multiple polarization processes may occur 14 since each process occurring in the solid should ideally produce a separate TSDC peak.
Furthermore, unlike ac loss measurements, no external voltage is
applied to the solid during a TSDC measurement so conduction effects
. . . d . 14
are m1mm1ze
The present paper presents additional data for a phase-separated
4Na 2 0·96Si0 2 (mol%) glass which supports the assignment of the two TSDC
peaks observed previously 8 in this glass to Na+-(NBO)- dipole orientation and to polarization of the sodium-rich droplets.

In addition, the

compositional dependence of the alkali motion associated with these
processes has been evaluated from measurements on a 10 and 25 mol%
sodium silicate glass.
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II.

EXPERIMENTAL PROCEDURE

The procedure and apparatus for measuring thermally stimulated
currents in glass have been described previously, 8 but the technique
basically consists of measuring the temperature dependent current when
either (a) a previously unpolarized specimen is heated from some low
temperature with an applied electric field, sp' (TSPC) or (b) a specimen previously polarized at a higher temperature is heated from a low
temperature without an applied field (TSDC).

Hereafter, TSPC and TSDC

denote a measurement with or without an applied field, respectively.
Annealed specimens of three sodium silicate (4, 10 and 25 mol%
Na20) and one sodium aluminosilicate (0.18 mol% Na 20 and 0.24 mol%
Al20 3 ) glasses were investigated.

These glasses are hereafter referred

to by their sodium concentration, i.e., 4%, 10%, 25% and 0.18%.

The

melting and preparation procedures are described elsewhere. 25 - 27 The
specimens were disks 1.2 to 2.5 em in diameter and 0.05 to 0.2 em thick
onto which circular gold electrodes (0.635 em in diameter) were evaporated.

Prior to measurement, a disk was heated (-380°K) overnight in

an evacuated (-35

~m

Hg) cell to remove moisture from the system.

The

cell was then filled with dry helium to improve heat transfer and minimize temperature gradients.

During heating, the current was measured

continuously with an electrometer* and recorded on an X-Y recorder.
The accuracy of the electrometer was ±2% of full scale for 1.0 x 10- 11
to 0.3 A and ±4% of full scale for 1 x

l0- 1 ~

to 3 x 10- 12 A.

Currents

<5 x 10- 13 A could not be measured accurately and currents <1 x 10- 13 A
could not be accounted for quantitatively, due to background noise
*Keithley Instruments, Model 610B electrometer, Cleveland, Ohio.
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(~1 x lo- 13 A).

During a TSDC measurement, the resistance of the

electrometer shunt resistor was kept at least two orders of magnitude
less than the sample resistance, so that the sample could discharge
freely.

All measurements were made without guard rings. 28

The temperature was measured with a chromel-alumel thermocouple
in contact with an uncoated portion of the glass disk.

The temperature

accuracy was ±l°K and the reproducibility of the peak temperature was
±3°K for heating rates of 0.05 to 0.1 °K/s.
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II I.
(1)

RESULTS

Typical TSPC/TSDC Measurements
The TSPC/TSDC curves shown in Fig. 1 for the 4% glass are used to

briefly describe the general measurement procedures, and are generally
typical of the results for the higher sodium glasses.

In a typical

TSPC measurement the specimen was cooled to -100°K where a de field
(1-5 kV/cm) was applied.

Curve TSPC-1 shows the current measured when

the specimen was initially heated at 0.07°K/s.

Curve TSPC-2 was

measured after the specimen was recooled to 100°K, with the de field
still applied, and reheated a second time.

After recooling the speci-

men to 100°K a third time and removing the de field, curve TSDC-3 was
measured during heating.
The general features of these results pertinent to the 4% and
higher sodium content glasses are as follows.
stimulated current peaks are observed.

First, two thermally

A peak at

220°K is present in

TSPC-1, is not observed in TSPC-2, but is observed again in TSDC-3.
Second, a larger and reproducible current, hereafter called the high
temperature background (HTB) current, is observed at higher temperatures in TSPC-1 and 2.

Its temperature dependency is given by
(1)

where i(T) is the current, Ea is the activation energy and Rand T have
their usual meaning.

Third, a second current peak at 373°K is observed

in TSDC-3 which appears to have been hidden by the onset of the HTB
current during heating with an applied field, TSPC-1 and 2.

As a final

general point, the reversibility of the processes being measured is
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quite good, the sum of the TSPC-2 and TSDC-3 curves being essentially
identical to the TSPC-1 curve.
When the thermally stimulated current for the 4% glass is converted
to de conductivity, right hand scale of Fig. 1, the HTB portion of the
TSPC curves agrees well with the de conductivity as determined by other
techniques. 28 Curves A and B in Fig. 1 show the de conductivity 19 for a
5 mol% Na 2 0 glass of similar microstructure.

This agreement is clear

evidence that the HTB stems from the same sodium ion motion responsible
for the de conductivity.

While not shown in Fig. 1, the HTB current at

higher temperatures eventually commences to deviate from Eq. (1). 28
This deviation, which consisted of a gradual

11

leveling-off of the cur11

rent, was taken as the onset of space charge or electrode polarization.
The temperature where this deviation commenced was carefully avoided in
all TSPC/TSDC measurements.
As expected from the known increase in de conductivity with
increasing alkali content, the HTB current occurred at much lower
temperatures in the 10% and 25% glasses, curves C and D in Fig. 1,
respectively.

This high conduction current complicated the TSPC

measurements on these glasses, since the HTB in the region of 220°K is
clearly much larger than the thermally stimulated current peak in this
region.

This complication was alleviated somewhat in the TSDC measure-

ments (no applied field), but in general, more definitive results were
obtained for the less conductive, lower sodium glasses.

The good

agreement between the conductivity calculated from the HTB of the
TSPC-2 curve and that determined by other techniques 29 (()) for the
25% glass is again evident from curveD in Fig. 1.

The activation
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energy determined for the HTB is given in Table I and is in excellent
agreement with that reported for de conductivity.
Evidence establishing the TSDC peaks in Fig. 1 as being due to bulk
polarization, rather than just at the electrodes, is given elsewhere, 8
but because of the importance of this question to the interpretation of
the present results, the strongest evidence supporting bulk polarization
is briefly reviewed.

An experiment 8 was conducted utilizing the 373°K

TSDC peak in the 4% glass since this peak did not discharge significantly at room temperature.

After an initial polarization and TSDC

measurement of this peak, the specimen was repolarized at the same
conditions, removed from the apparatus, and the electrodes and -0.12 mm
of glass removed from each surface.

New electrodes were evaporated onto

the specimen and the TSDC remeasured without additional polarization.
Not only was the TSDC peak observed at the same temperature, but the
residual area (charge) of the peak agreed well with the residual specimen volume; the residual charge and specimen volume being 79% and 86.4%
of the original respectively.
(2)

Compositional Dependence of TSDC Peaks
Typical TSDC curves for the 10% and 25% glasses after polarization

at different temperatures (Tp) are shown in Fig. 2.
also evident in these glasses as in the 4% glass.

Two TSDC peaks are
As is apparent, the

background current becomes more important with increasing polarization
temperature and eventually the peaks are hidden.

This background cur-

rent is attributed to some small amount of space charge polarization in
the more conductive glasses, see HTB in Fig. 1.
The general appearance of the TSDC curves for the four glasses
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investigated is compared in Fig. 3.

All three sodium silicate glasses

exhibit two peaks which appear to move closer together and become larger
with increasing sodium content.

The principal difference between the

sodium silicate and aluminosilicate glass is that only one peak was
observed in the latter between 100 and 450°K.

Even a small peak at low

temperatures should have been detectable in the aluminosilicate glass
because of its low de conductivity in this region.
(3)

Dependence on Polarization Temperature~ Tp
All of the TSDC peaks observed in this study were dependent upon

the temperature of polarization (Tp) as illustrated by the curves in
Fig. 4 for the 4% glass.
Fig.

4~

As best shown by the high temperature peak in

both the peak temperature (Tm) and magnitude increased with

increasing Tp for a fixed polarization time (tp) until saturated conditions were reached.
when

Tp~Tm.

In curves D and E saturation occurred in <20 min.

Hereafter~

calculations made using the peak magnitude/area,

utilize only data for saturated conditions.
(4)

Dependence on Polarization Field, £P
The magnitude of both TSDC peaks in the 4% glass, as measured using

either the total charge or the maximum current, increased linearly with
£p as shown in Fig. 5.

This is further evidence that the peaks do not

stem from electrode or space charge polarization since a non-linear
dependence would be expected in these cases. 30

The magnitude of the

TSDC peaks in the 25% glass also appeared linearly dependent on £p' but
the data points were more widely scattered because of the poorer resolution of the peaks from each other and the background current.
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(5)

Activation Energy for TSDC Peaks
The partial discharge technique, 10 , 21 , 22 , 24 which is based on the

following general equation 10 ,l 4 , 31 for the thermally stimulated current,
i(T)
i(T)=A*exp(-Ea/kT)exp[-BJi exp(-E /kT')dT']
o

(2)

a

was one of several methods used to determine the activation energy.

In

Eq. (2) A* and B are constant, Ea is the activation energy, k is the
Boltzman constant, and T is temperature.

On the low temperature side of

a TSDC peak the integral in brackets is small, and Eq. (2) can be simplified tol0,14,31
i(T)=A*exp(-Ea/kT)

(3)

from which Ea can be determined.
Figure 6 shows the typical results obtained for a partial discharge
measurement where a previously polarized sample was heated to some temperature less than Tm' Curve PD-1, cooled and reheated a second time to
a slightly higher temperature, curve PD-2, and this procedure repeated,
PD-3 to 5, until the TSDC peak was fully discharged.

Ideally, a series

of straight, parallel lines should be observed for a process with a single relaxation energy, 10 but in all of the glasses measured the activation energy for the first discharge was always significantly less than
that for subsequent discharges.

While this behavior is clearly indica-

tive of a distribution of activation energies, the activation energy for
the first partial discharge has been ignored and the average for all subsequent discharges taken as being more representative of the average activation energy for each TSDC peak.
this way are given in Table I.

The activation energies determined in

Results similar to those in Fig. 6 have
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also been reported for the TSDC peaks in an aluminophosphate 24 and an
As2S3 21 glass and attributed to a distribution in activation energy.
Other methods for determining the activation energy are dependent
upon the kinetic order 31 of a TSDC peak and strictly apply to first
order processes where the o/w ratio for a TSDC peak should be 0.42; 31
w being the peak width at half height (°K) and

o being

width for the high temperature side of the peak.

the half-height

All the TSDC/TSPC

peaks in the four glasses investigated could be considered first order
since the o/w ratio was 0.42±0.03.
A method of determining the activation energy for a first order
TSDC peak from the peak maximum temperature 32 is
(4)

This equation is especially useful for estimating Ea when the TSDC peaks
overlap as in Fig. 2.

Although Tm remains reasonably constant, the peak

shape changes greatly due to the overlapping peaks and the HTB.

By

using Eq. (4), the peak activation energy could be obtained directly
from Tm, while more complicated measurements, e.g. partial discharge or
peak cleaning, are necessary for the other methods. The activation
energy calculated from Eq. (4) are in good agreement with those from
partial discharge, Table I.

Similar results have been reported for

vitreous and crystalline AszS3. 21
The good agreement between the values obtained from Eqs. (3) and
(4) indicate that Eq. (4) is useful for determining the activation
energy of first order TSDC peaks due to ion motion even though it was
originally derived 32 for the first order thermoluminescence glow curves
for phosphors, i.e., electronic transitions.
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The third method of determining the activation energy for a first
order TSDC peak utilizes the relaxation time calculated from the entire
TSDC peak~ according to the equation, 10

lnT(T)=ln[J~~i))i(t• )dt•]-lni(T)

(5a)

where T(T) is the relaxation time at temperature T~ i(T) is the current
at T, and the integral in Eq. (5a) is the area (charge) remaining under
a peak at temperature T.

LnT as a function of 1/T should be a straight

line from which Ea is calculated assuming
(5b)
For a first order TSDC peak with a single activation energy, the
activation energy calculated from either Eqs. (5) or (3) should be
equal.

However, in all the glasses investigated the activation energy

calculated from Eq. (5) was only -70% of that calculated from Eqs. (3)
and (4), Table I.

The lower activation energy from Eq. (5) is consis-

tent with the contribution of the lower activation energy processes
which are included in the low temperature portion of the TSDC peak, and
therefore in the calculation of T.

However, these lower activation

energy processes were either deliberately ignored as in PD-1 for partial
discharge or are less important as in Eq. (4) which utilizes the peak
temperature only.

Hereafter, where calculations are made using the

activation energy, the activation energy determined by partial discharge,
Eq. (3), has been used, since this value is considered closer to average
activation energy.
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(6)

Microstructure
There was detectable phase separation in all but the 25% glass,

Fig. 7(E), as shown by the transmission electron micrographs in Fig. 7.
The microstructure of the 4% glass agrees well with that reported
previously 25 wherein isolated droplets of a soda-rich phase about 400

A

in diameter are contained in a continuous, silica-rich matrix, Fig. 7(B).
Based on the annealing temperature and published Na 20-Si02 phase diagram,33 the droplet and matrix phases are estimated to contain -20 and
-3 mol% Na20, respectively.
The microstructure for the 10% glass also agrees with published
data, 25 but in contrast to the 4% glass, appears to consist of two continuous interconnected phases, Fig. 7(0).
Only a few experiments were made using the 4% glass to determine
how the TSDC peaks varied with microstructure.

As shown in Fig. 8, the

peak at 220°K was essentially unchanged, but the 373°K peak became significantly smaller as the estimated average diameter of the soda-rich
0

0

droplets increased from -400 A, curve A, to -700 A, curve B.

There

appears to have been no significant change in activation energy of
either peak since the peak temperatures did not change.
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IV.
(1)

DISCUSSION

General Interpretation-Origin of TSDC/TSPC
An overall conclusion of this investigation is that all features

of the TSDC/TSPC curves, as depicted in Fig. 1, originate from sodium
ion motion.

The excellent agreement between the activation energy of

the HTB portion of the TSPC curves and that for sodium diffusion or
electrical conductivity, Table I, establishes the HTB as being due to
the same long range sodium motion commonly envisioned for diffusion and
conductivity.

However, there are relatively few reported instances 18 • 19

where the activation energy for processes involving sodium ion motion
has been found to be less than that for diffusion and conductivity in
the same glass, so the correlation of the TSDC peaks with sodium ion
motion is less obvious.
Since the TSDC peaks were suspected as being due to some type of
localized, short-range sodium motion an experiment was made to determine
the correlation of the TSDC peaks in the 4% glass with the isothermal
absorption current, also called the anomalous conduction current, 34
which has been attributed to localized alkali motion. l(a)

As depicted

schematically in Fig. 9(A) the time dependent charging and discharging
current was measured at some temperature Tp which was intermediate
between the two TSDC peak temperatures. During discharge, the current
was measured until it was <5 x 10- 14 A.
to areas

(i)

The total charge corresponding

and ~ calculated from the current/time curves for three

temperatures is given in Table II.

After the isothermal charging/

discharging measurement, the glass was fully discharged by heating to
above Tp in a short-circuited condition and the measurement depicted in
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Fig. 9{8) undertaken.

In this case the glass was recharged for the

same time and at the same Tp used previously in the isothermal measurement, immediately cooled to -100°K where the applied field was removed,
the glass temporarily short-circuited (-1 min) and then reheated to
measure the TSDC.

Area ~ in Fig. 9{8) represents the charge measured

from -l00°K to whatever Tp was used, whereas, area

~

is the charge

measured above Tp.
Comparison of the results in Table II shows that area

~'

charge

from the TSDC curve below Tp, is the same within experimental error, as
that for area ~' isothermal discharge at Tp.

An obvious conclusion

is that both the discharge current and TSDC peaks stem from the same
charge storage mechanism which, based on previous interpretationsl(a)
for the discharge current, is some type of localized sodium ion motion.
These data also provide an internal consistency check of the
measurement since they can be used to calculate the de conductivity for
comparison with other values.

Since area <J) includes both the stored

charge as well as that associated with de conduction, but the sum of
areas (]) and
area

(!)

includes only stored charge, the difference between

(i) and the sum of areas

(])+~ should give the de conductivity.

As shown in Table II, the de conductivity calculated in this way agrees
well with that obtained by extrapolating the conductivity calculated
from the HTB (TSPC-2) at higher temperatures.

Thus, not only is all of

the charge accounted for, but the anomalous charging current is seen to
correlate with both TSDC peaks in the 4% glass.

The presence of two

TSDC peaks, each with a different relaxation time, agrees with those
investigations 1 ' 34 where it has been reported that the isothermal
charging/discharging current cannot be described by a single relaxation
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time.
Ideally, area (g) should equal the sum of areas ~and

(!),

Fig.

9, if the isothermal discharge current had been measured for a sufficiently long time.

However, at low temperatures (355°K) the depolari-

zation relaxation time is large (>l0 3 s), while the magnitude of the
depolarization current is relatively small and decreases rapidly (<10 3 s)
to less than the electrometer sensitivity (-5 x

l0-

1

~A).

Some unknown

portion of the charge from the longer relaxation time processes was not
detected in area

(g) and, consequently, the charge measured for area (g)

was generally less than areas {]) + (1), Table II.

For isothermal dis-

charge at higher temperature (388°K), where the depolarization relaxation time was shorter, most of the discharge occurred within a short
period (-l0 2 s) and the larger current was easily detectable.

In this

case that portion of the charge which was undetectable was negligible
and area ~ essentially equalled the sum of areas ~ and

{i), Table

II.

(2)

Interpretation for Low Temperature TSDC Peak
There are three general points indicating that this TSDC peak,

which was observed in all three sodium silicate glasses, is due to a
type of orientational polarization.

The first is illustrated in Fig. 1,

where it is seen that the peak is present in TSPC-1, orientation occurs
on initial heating, is absent in TSPC-2, orientation was completed during heating and the field has not been removed, and is again detected in
TSDC-3, orientation is destroyed on heating with the field removed.

If

this peak was due to space charge polarization, then a peak would have
been expected in TSPC-2 as additional space charge polarization developed
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with repeated heating.

Similarly, if the peak was due to some type of

thermally liberated, trapped charge then the peak would not have been
present in TSDC-3 since the charge traps would have been emptied during
TSPC-1. 16
The second and third factors are the linear dependence of the peak
magnitude upon Ep' Fig. 5, and the fact that the peak magnitude and
temperature eventually became independent of the polarization temperature, Fig. 4; i.e., peak became saturated.

This behavior is consistent

with orientational rather than space charge polarization, since neither
a linear dependence on Ep nor eventual saturation would be expected for
space charge polarization. 30
The source of the orientational polarization producing this peak is
believed to be the jumping of a sodium ion to other nearby, nearly equivalent sites around the same NBO to which it is bonded, ioe., what can
be visualized as the orientation of Na+-(NBO)- dipoles, but where one
end of the dipole is anchored.

The fact that this peak was observed in

all three sodium silicate glasses, but not in the 0.18% aluminosilicate
glass, which because of its relatively high alumina content (Al/Na>l)
might not contain any NBO,l{b) is consistent with this interpretation.
Similarly, no such low temperature TSDC peak is observed 35 in borate
glasses containing 4-16 mol% Na 2 0 wherein the NBO concentration is
ideally zero.l(b)
To test this hypothesis further, the charge under this peak, Q, was
compared with the concentration of Na+-(NBO)- dipoles, Nd' as calculated
from the glass composition and from Eq. (6) which has been used to calculate the impurity-vacancy dipole concentration in doped crystalline
solids. 13 • 36
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(6)

In Eq. (6)s k, Tp and £p have been defined previously, A is the electrode areas ~ is the dipole moment, and a is a geometric factor equal to
l/3 for freely rotating dipoles.

Since a Na+-(NBO)- dipole is probably

not freely rotating, a was calculated 37 from
(7)

The dipole moment, ~· for a Na+-(NBO)- dipole is unknowns but has
assumed equal to the product of the Na+-(NBO)- ionic distance
0
+
0
0
[0.98A(Na )+1.32A(0 2-)=2.30A] and one unit of electronic charge
(1.602

X

10- 19 C).

Using this value for

~

and those for Q, Tp , £p and Ea

given in Table III, the values for Nd in Table III were calculated from
Eqs. (6) and (7).
The Nd values calculated from Eqs. (6) and (7) are in good agreement with the Na+ concentration calculated from the overall glass composition for the 10 and 25% glassess Table III.

This suggests that each

Na+ forms an active Na+-(NBO)- dipole in these two glasses.

The poorer

agreement between Nd and the overall Na+ concentration in the 4% glass
can be understood by recognizing that the Na+ mobility in the sodiumrich droplets will be several orders of magnitude (10 4 to 10 7 ) larger
than that in the silica-rich phase 25 • 28 and that only the Na+-(NBO)dipoles in the sodium-rich phase might contribute to the TSDC peak.
The concentration of Na+-(NBO)- dipoles in the sodium-rich droplets
was calculateds therefores from the composition and amount of each
phases estimated from the heat-treatment temperature 25 • 27 for each glass
33
+
.
.
and published Na20-Si02 immiscibility data.
The Na concentrat1on 1n
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the sodium-rich phase calculated in this way is in good agreement with
the Nd calculated from Eqs. (6) and (7) for all three glasses which
suggests that each Na+ in the sodium-rich phase forms an active
Na+-(NBO)- dipole.

This agreement strongly supports the concept that

this TSDC peak is due to the reorientation of Na+-(NBO)- dipoles primarily in the sodium-rich phase.
One final point concerning this peak is its activation energy
which is not only considerably less than that for de conduction, but
which also shows no systematic change with composition, Table I.

For

the localized sodium motion envisioned for this peak a lower activation
energy is expected since ideally it might consist of only the strain
energy necessary for Na+ movement around the same NBO.

Since the

strain energy is primarily a function of atomic/ionic diameter, a correlation between the activation energy for this peak and that for He
diffusion might be expected since He and Na+ have essentially the same
diameter. 38

In the 25% glass, the activation energy for He diffusion 39

of 9.5 kcal/mol is within experimental error of that (10.5 kcal/mol)
for the TSDC peak.

In the 4 and 10% glasses, however, the activation

energy of the TSDC peak is about twice that reported for He diffusion, 39
5-6 kcal/mol for these glasses.

In phase-separated glasses, however,

the activation energy measured for He diffusion should be basically
that for the silica-rich phase (the more abundant phase of higher He
diffusion coefficient}, whereas, the activation energy for the TSDC
peak appears due to Na+ motion in the sodium-rich phase.

A better com-

parison for the 4% and the 10% glass would be compare the activation
energy for He diffusion in glasses whose overall composition corresponds
to that of the sodium-rich phase in the 4% and the 10% glasses, i.e., 20
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and 21 mol% Na20 respectively.

Making this comparisons one finds that

the activation energy of -9.1 kcal/mol for He diffusion 39 in 19.0 and
22.5 mol% Na20 glasses agrees reasonably with the 9.7 and 11.5 kcal/mol
for the TSDC peak in the 4% and 10% glassess respectively.

The error

in the activation energy values (-2 kcal/mol) is relatively large in
terms of the comparison being made for the 10% glasss but it is still
within the same order of a magnitude (-10±1 kcal/mol).
It is concluded that a dipole is formed by each Na+ ions but only
those Na+-(NBO)- dipoles in the sodium-rich phase in phase-separated
glasses contributes to this low temperature TSDC peak.

The activation

energy for this localized sodium motion does not change significantly
with sodium content and is basically the strain energy for sodium motion
(9-10 kcal/mol).
(3)

Interpretation for High Temperature TSDC Peak
Except in the 4% glasss it was difficult to obtain as much quanti-

tative data for this peak as for the low temperature peak, but two
general factors of significance are that it was observed in all four
glasses investigated and was considerably more dependent upon soda content, Fig. 3s than the low temperature peak; the peak temperature and
activation energy decreasing rapidly with increasing soda content.

As

in the case of the low temperature peak, the linear dependence of the
peak magnitude upon £p' Fig. 5, and its eventual saturation, Fig. 4,
again suggest that this peak is also due to orientational polarization
resulting from localized alkali ion motion rather than space charge
. t"1on. 30
po 1ar1za
Unlike the low temperature peaks the magnitude of this peak varied
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considerably, Fig. 8, with microstructure.

The principal change in

microstructure was an increase in the average diameter of the sodium0

0

rich droplets from -400 A, Fig. 7(8), to -700 A, Fig. ?(C).

The change

in volume fraction of the soda-rich phase for the two heat treatments
is believed to be small <10%, based upon the Na 2 0-Si0 2 phase diagram 33
and the small difference in the room temperature dielectric constant 40
measured at l KHz, 6.1±0.2 and 6.3±0.3 for the samples in Fig. ll(B)
and (C), respectively.
In a glass with a microstructure like that of the 4% glass, it is
anticipated that the higher mobility of the sodium ions in the sodiumrich droplets, compared with the silica-rich matrix, will lead to
interfacial polarization at the immiscible phase boundary.

Such a pro-

cess is considered responsible for the high temperature TSDC peak and
has been suggested to explain the dielectric loss peaks found in microstructurally similar 5 mol% Na 2 o19 and 6.7 mol% Li 2 018 silicate glasses
which have an activation energy less than that for de conduction.

In a

5 mol% Na 2 0 glass, 19 the activation energy for de conduction and
dielectric loss was 27.0 and 15.0 Kcal/mol, respectively, which compares
favorably with that for the HTB and high temperature TSDC peak in the
4 mol% glass, Table I.
Although only a few experiments were undertaken to vary the microstructure of the glasses investigated, the results obtained for the 4%
glass, Fig. 8, agree with the interpretation that this peak is due to
polarization of the sodium-rich droplets.

Assuming a constant volume

fraction of the sodium-rich droplets for the two heat treatments
employed, it can be shown that the total interfacial area, At, varies
inversely with droplet diameter, d.

Since the total interfacial charge,
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Ct, should be proportional to At, then Ct varies as 1/d and the peak
area (charge) should decrease with increasing droplet diameter.

Not

only is a decrease in peak magnitude evident in Fig. 8, but the ratio
of the charge, 1.67 (5.8 x 10- 10 and 3.5 x 10- 1 ° C for curves A and B,
respectively) agrees with the ratio of the average droplet diameter,
0

1.75 (400 and 700 A for curves A and 8, respectively).
Other data support the conclusion that the Na+ ion motion producing this TSDC peak occurs in the sodium-rich droplets whose composition
is estimated as -20 mol% Na20.

The activation energy for the TSDC peak

(18.8±2.5 kcal/mol) agrees well with that for de conductivity 38 (17.4
kcal/mol) and sodium diffusion 41 • 42 (17.4 to 19.0 kcal/mol) in supposedly homogeneous 20 mol% Na 20 glasses.

Similarly, the distance, X,

traveled by a Na+ ion during polarization (£P=2645 V/cm, tp=l200°K,
Tp=373°K) can be calculated from
(8)

The mobility, v, at 373°K was calculated from the Na diffusion coefficient data 41 • 42 for a 20 mol% Na20 glass according to
(9)

where z is the Na + valence, DT

is the Na diffusion coefficient at Tp
p

and the other terms have their usual meaning.
ity,

Using the average mobil-

v, calculated from DT =(1.3 x 10- 3 )exp(-17,400/RTP) and
p

DT =(6.65 x 10- 3 )exp(-19,000/RTP) from Refs. 41 and 42, respectively,
p

0

one finds a distance of 650±170 A which agrees well with the observed
0

average droplet diameter of 400 to 700 A.
The interpretation that the high temperature TSDC peak in the 4%
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glass is due to interfacial polarization at the immiscible phase boundaries can also account for the high temperature TSDC peak in the phaseseparated aluminosilicate and

10%

glass.

However, there was no

detectable phase separation in the 25% glass which would account for
the second TSDC peak observed in this glass at 248°K, Fig. 3.

Never-

theless, this peak is also tentatively attributed to a similar type of
interfacial polarization, perhaps occurring at compositional boundaries
that are too diffuse to be detectable by the electron transmission
microscopy techniques employed in this investigation.
(4)

Relaxation Time
As mentioned in section III-(5), the partial discharge curves

indicate a fairly significant distribution in the activation energy.
Further evidence of this distribution is shown in Fig.

10.

By deliber-

ately choosing a Tp less than that needed for rapid saturation, the
change in magnitude of the high temperature TSDC peak in the 4% glass
could be followed as a function of polarization time, from 9.0 x 10 2 to
7.2 x

10 4

s.

Not only did the peak magnitude increase as expected, but

the peak temperature gradually increased with polarization time.

For a

process with a single activation energy, (relaxation time) the peak
.
dent of po 1ar1za
• t•1on. 30
temperature should be 1ndepen

A distribution for the high temperature TSDC peak could result
from slight compositional differences between droplets, as might occur
during cooling.

Similarly, a distribution in activation energy is not

unexpected for the low temperature TSDC peak since the Na+-(NBO)dipoles in a glass cannot all be considered identical because of slight
differences in Na+ environment.

A distribution in activation energy is
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the common explanation given for the dielectric loss 43 and internal
friction 44 peaks in alkali glasses which are 2-3 times wider than that
predicted for a single relaxation time.

While the TSDC technique

appears more sensitive to this distribution than other techniques and
holds the potential for evaluating this distribution, 24 an investigation of the factors producing this distribution was not attempted.
This distribution complicates the evaluation of the relaxation
time for the TSDC peaks, but two methods were employed to calculate
hereafter what is considered an average relaxation time.

In the case

of the low temperature TSDC peak, the relaxation time at the peak maximum, Tm' was calculated from 10
(10)
which has been used for the orientation of impurity-vacancy dipoles in
doped crystalline solids. 16

In Eq. (10) b is the heating rate, Ea is

the activation energy and the other terms have been defined previously.
Using the average Ea determined by partial discharge, Tm was calculated
from Eq. (10) for the 220°K TSDC peak in the 4% glass for three different heating rates (b = 0.05, 0.07 and 0.09 °K/s).

These three values,

along with the line whose slope is 9.7 kcal/mol, are shown by line Bin
Fig. 11 (A).

Also shown is the relaxation time data for the alkali

internal friction peak in the 4% glass, 25 , 45 line E, and the dielectric
loss peaks in a 5% Na 2 0 glass, 19 lineD and a 6.7% Li20 silicate 18
glass, line C.

The experimentally determined Tm values for the TSDC

peak are in relatively good agreement with the relaxation time extrapolated from the dielectric loss and internal friction data.

Similar

results are shown in Fig. 11 (B) for the TSDC peak at 205°K in the 25%
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glass.

The dielectric loss 29 and internal friction 44 data in this glass

are more reliable than in the 4% glass, but the TSDC data are subject to
greater error.

Nevertheless, the one Tm value calculated from Eq. (10)

for the 25% glass is in excellent agreement with the relaxation time for
the dielectric loss and internal friction peaks.

However, this agree-

ment between the relaxation time is lost when the TSDC data are extrapolated to higher temperature because of the lower activation energy for
the TSDC peak.
The relaxation time for the TSDC peak was also determined from
Eq. (5) where the charge under the TSDC peak and the current at any
given temperature T were used.

The Ea and T0 values calculated from

Eq. (5) are listed in Table IV along with those calculated from Eq. (10).
In general, the activation energies determined from Eq. (5) were -30%
less than those determined by partial discharge and Tm was about twice
that calculated from Eq. (10).

This is to be expected for a distribu-

tion in activation energy since Eq. (5) includes the charge at low
temperatures (i.e., low activation energy), whereas the low activation
energies are ignored in the partial discharge technique since only data
from second and subsequent partial discharges were used.
While the activation energy for the dielectric loss and alkali
internal friction peak in both the 4 and 25% glasses is significantly
larger than that measured for the low temperature TSDC peak in both
glasses, the agreement between the relaxation times in the temperature
region of the TSDC peak is reasonably good.

This difference in activa-

tion energy remains unexplained, but the agreement in relaxation times
suggests that the sodium motion responsible for the dielectric loss and
alkali internal friction peak might also be Na+-(NBO)- dipole orientation.
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Such a localized type of alkali motion would agree with the observation
that the magnitude and activation energy for the alkali internal friction peak is essentially unaffected by phase separation/microstructure. 25 , 46

Also, the commonly reported "low temperature tail" for

the alkali internal friction peak 47 is indicative of the lower activation energies found by TSDC.
The relaxation time for the high temperature peaks in the 4% and
the 25% glasses were also calculated from Eqs. (5) and (10), see Table
IV and Fig. 11.

Except for a 6.7 mol% Li20 silicate glass, no internal

friction or dielectric loss peak has been reported with a relaxation
time similar to that for the high temperature TSDC peak, Fig. 11 (A).
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V.

CONCLUSIONS

The TSPC/TSDC technique is best suited for glasses of low electrical conductivity and appears potentially capable of presenting a more
detailed picture of alkali motion than other techniques.
Charles' model for alkali motion in silicate glasses provides an
excellent interpretation of the TSPC/TSDC results found in this investigation.

Three types of sodium motion are considered to have been iden-

tified.

The most localized is the jumping of a Na+ ion to other sites

around a given NBO which gives rise to the low temperature TSDC peak.
This motion is visualized as a reorientation of Na+-(NBO)- dipoles, the
activation energy for which is basically the strain energy for Na+
motion.

While the data for the 25% glass indicate that each Na+ forms

an active Na+-(NBO)- dipole, only those dipoles in the sodium-rich (high
mobility) phase appear active in phase-separated glasses.
The next motion of intermediate range, few hundred angstroms,
occurs within the sodium-rich phase of phase-separated glasses.

This

leads to interfacial polarization at the immiscible phase boundaries due
to Na+ ion buildup/depletion at the interface where the Na+ mobility may
change abruptly.

The activation energy for this motion is higher than

that for Na-NBO orientation because of the electrostatic energy, but
slightly lower than that for de conduction.

This motion produces the

TSDC peak located at temperatures just slightly lower than where the Na+
motion associated with de conduction occurs, HTB.
The HTB is due to the same Na+ ion motion responsible for de conduction and alkali diffusion and has the highest activation energy.
phase-separated glasses containing an isolated sodium-rich phase in a

In
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sodium-poor matrix, the HTB is well separated from the TSDC peaks produced by localized Na+ motion.

In glasses with continuous sodium-rich

phase, the general drift of Na+ ions occurring in this phase causes the
HTB to overlap and eventually hide the TSDC peaks.

This complication

is common in essentially homogeneous glasses, such as the 25% glass,
and emphasizes the important advantage of the TSDC technique wherein
the absence of an applied field minimizes the general drift of Na+ ions
which may substantially interfere with the detection of localized Na+
motion.
In phase separated glasses where an isolated, high Na+ mobility
phase is contained in a continuous phase of lower Na+ mobility, e.g.,
4% glass, the Na+ mobility in each phase can be investigated independently from the characteristics of the TSDC peaks and HTB.

Investigat-

ing the changes in the Na+ ion environment resulting from compositional
differences and thermal treatments seems potentially possible.

It

should also be possible to investigate the compositional dependence of
the Na+-(NBO)- concentration, the composition and geometry of isolated
Na-containing phases and, perhaps, even the chemical nature of the
immiscible phase boundaries which act as Na+ trapping sites.
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Typical TSPC/TSDC Curves for 4Na 20·96Si0 2 Glass.
sp=2523 V/cm for TSPC-1 and 2, and TSDC-3 measured after TSPC-2.
b=0.07°K/s for all measurements.

Curves A, 8, C and D and ()

points correspond to de conductivity scale.

A and 8 for

5Na20·95Si02 glass (calculated from Ref. 19), C and D for
10Na20·90Si02 and 25Na20·75Si02 respectively (Ref. 28), and ()
for 25Na20·75Si02 glass (extrapolated from data in Ref. 29).
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Dependence of the TSDC Spectrum on TP for 25Na 20·75Si0 2 and
10Na 20·90Si0 2 Glasses.
Curves A to E are for 25Na20·75Si02 glass with tp=l200 s and
Tp=297°K for A, Tp=240°K for 8, Tp=230°K for C, Tp=212°K for D,
and TP=200°K for E.

Curves F to H are for 10Na20·90Si02 glass

polarized during cooling to 99°K.

Tp=306-99°K for F, Tp=271-99°K

for G, and Tp=253-99°K for H, with tp=300 to 600 s.

b=0.07°K/s

for all measurements.
3.

Dependence of the TSDC Spectrum on Glass Composition (mol%).
Curve A for O.l8Na 20·0.24Al 203·99.58Si02, Curve B for 4Na20·96Si0 2,
Curve C for 10Na 20·90Si0 2 and Curve D for 25Na 20·75Si0 2.

b=0.07°K/s

for all measurements.
4.

Dependence of TSDC Spectrum on TP for 4Na20·96Si02 Glass.
Tp=293°K for A, Tp=325°K for B, Tp=354°K for C, Tp=379°K for D,
and Tp=400°K for E.

b=0.07°K/s and tp=l200s for all measurements.
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Variation of TSDC Peak Height with Field Strength, Ep' for
4Na20·96Si02 and 25Na 20·75Si0 2 Glasses.
Left hand scale for 4Na 20·96Si0 2, ()for 220°K peak and []for
373°K peak, Tp=399±l°K for both peaks.
25Na20·75Si02,

tt for

peak with Tp=220±2°K.

Right hand scale for

205°K peak with Tp=200±2°K and

11

for 248°K

tp=l200 s, specimen thickness=O.l8±0.005cm,

and electrode area=0.3167 cm2for all measurements.
6.

Typical Partial Discharge of the 373°K Peak in the 4Na 20·96Si0 2
Glass.
Activation energy, Ea (kcal/mol), determined from the slope of the
lines, Eq. (3).

Ea=8.2 for PD-1, Ea=l6.3 for PD-2, Ea=l7.5 for

PD-3, Ea=l7.7 for PD-4, and Ea=21.3 for PD-5.

Specimen thickness=

0.18 em, electrode area=0.3167 em, Tp=383°K, tp=l200 s, and
£p=2800 V/cm.
7.

Transmission Electron Micrographs of
(A)

O.l8Na 20·0.24Al 20 3 ·99.58Si02, (B)

4Na20·96Si0 2 annealed at

922°K for 1 h, (C) 4Na 20·96Si0 2 annealed specimen heat treated at
903°K for 8-l/6 h, (D) 10Na 20·90Si0 2 annealed at 778°K for 3/4 h,
(E)

25Na 20·75Si0 2 annealed at 750°K for 1 h.

Magnification 134,000 X for (A) and 61,000 X for (B) to (E).
8.

Dependence of TSDC Spectrum for 4Na 20·96Si0 2 Glass on Heat Treatment.
Curve A for a specimen annealed at 922°K for 1 h, Curve B for an
annealed specimen heat treated at 903°K for 8-1/6 h.
show saturated peaks.

Both curves
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Figure
9.

Schematic of Isothermal Charging and Discharging Current and Related TSDC Measurement.
Area~

Area(!)is the charge under the isothermal charging curve.
is the charge under the isothermal discharging curve.
the charge under the TSDC curve from T0 to Tp.

Area~is

Area<!)is the

charge under the TSDC curve above Tp .
10.

Change in the 373°K TSDC Peak in the 4Na20·96Si0 2 Glass with
Increasing Polarization Time, tp.
For curves A to D TP=323±1°K and £p=2800 V/cm.

t p=900 s for A,

tp=3600 s for B, tp=l4400 s for C, tp=72000 s for D.

Curve E is a

saturated peak with Tp=379°K, tp=l200 s, £P=2800 V/cm.
11.

Relaxation Time for TSDC Peak, Dielectric Loss Peak and Alkali
Internal Friction Peak, (A) 4Na20·96Si02 and (B) 25Na20·75Si02.
(A) 4Na 20·96Si0 2: Line A is from the 220°K TSDC peak using Eq. (5).
Line Band points 6 (b=0.05°K/s), C (b=0.07°K/s), and
~

(b=0.09°K/s) are from the 220°K TSDC peak using Eq. (10).

Line C (extrapolated) and

tt

are from dielectric loss peak for

6.7Li 2Q·93.3Si0 2 glass, Ref. 18.

LineD (extrapolated) and al are

from dielectric loss peak for 5Naz0·95Si02 glass, Ref. 19.

Line E

(extrapolated) and V are from alkali internal friction peak,
Ref. 46.
and points

Line F is from the 373°K TSDC peak using Eq. (5).

C»

Line G

(b=0.05°K/s), [] (b=0.07°K/s), and ~ (b=0.09°K/s)

are from the 373°K TSDC peak using Eq. (10).

Line H and

tt

are

from dielectric loss peak for 6.7Li20·93.3Si02 glass, Ref. 18.
(B) 25Na 20·75Si0 2: Line A and [] {b=0.07°K/s) are from the 205°K
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Figure
11.

TSDC peak using Eq. (10).

Line B (extrapolated) and() are from

dielectric loss peak, Ref. 29.

Line C (extrapolated) and V are

from alkali internal friction peak, Ref. 44.
[J

Line D and

(b=0.07°K/s) are from the 248°K TSDC peak using Eq. (10).
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LIST OF TABLES
Table
I.

Activation Energy for DC Conductivity, Sodium Tracer Diffusion,
Alkali Internal Friction Peak, Dielectric Loss and TSPC/TSDC.

II.

Charge for Isothermal Charging/Discharging Curves and TSDC Curves,
See Fig. 9.

III.

Comparison of the Dipole Concentration Calculated from Eqs. (6) and
(7), and the Na+ Ion Concentration in Sodium-rich Phase for Sodium
Silicate Glasses.

IV.

Relaxation Time for TSDC Peaks.

Table I
Activation Energy for DC Conductivity, Sodium Tracer Diffusion,
Alkali Internal Friction Peak, Dielectric Loss and TSPC/TSDC.
Activation Energy
(kcal/moU

Glass Composition (mol% Na 2 0)
10
25

0.18

4

DC Conduction

25.7±0.5 (Ref. 26)

24.8 (Ref. 25)

Sodium Diffusion
Coefficient

26.6±0.2 (Ref. 26)

15.0 (Ref. 29)
18.7±0.5 (Ref. 17)
15.1±1.5 (Ref. 44)

16.4 (Ref. 45)

Internal Friction
(Alkali Peak)

15.0 (Ref. 29)

Dielectric Loss
HTB from TSPC-2

26.4

26.5 (Ref. 28)

15.8

14.9 {Ref. 28)

High Temp. TSDC Peak
Eq. ( 3)
374°K { Eq. (4)
Eq. (5)
Eq. (3)
373°K { Eq. (4)
Eq. (5)

18.2±1.0
18.6
13.4±0.3
18.8±2.5
18.5
12.5±0.2
~

'-J

Table I (Continued)
High

Tern~.

TSDC Peak

4

Eq. ( 3)
290°K { Eq. (4)

10

25

16.2±1.5
14.4

Eq. ( 5)

11. 2±0. 3

248°K { Eq. ( 3 )
Eq. ( 4)

13.8±1.0
12.3

Low Temp. TSDC Peak
Eq. ( 3)
220°K { Eq. (4)
Eq. (5)
Eq. ( 3)
233°K { Eq. (4)
Eq. ( 5)
205°K { Eq. ( 3)
Eq. ( 4)

9.7±1.0
10.9
7. 0±0 .1
11. 5± 1. 0
11.6
7.6±0.2
10.5±1.0
10.2

1.0

co

Table II
Charge for Isothermal Charging/Discharging Curves and
TSDC Curves, See Fig. 9.
Charge (C) Corresponding to Areas Shown in Fig. 9

Charging/Discharging
Temperature, Tp' (°K)

<D

®

®

®

Conductivity (Q-cm)-1
0 calc.
0 TSPC-2

355

1.58 X 10-9 2.93 X 10- 10 2.40 X 10-10 2.09 X 10-10 1.13 X lO-l5 6.85 X l0-16

Tp2

362

3.47 X 10-9 3.85 X lO-lO

TP

388

2.60 X 10-S 4.82 X lO-lO 4.74 X lO-lO

Tp
1

3.66 X 10-10 2.02 X lO-lO 2.90 X lO-l5 1.55 X 10-15

3.87 X lO-ll

2.54 X 10-14 1.65 X 10-14

3

crcalc.:

from(i)-(Q)+@}

crTSPC- 2: from extrapolation of TSPC-2 curve

1.0

\.0

Table III
Comparison of the Dipole Concentration Calculated from Eqs. {6) and {7), and the Na+
Ion Concentration in Sodium-rich Phase for Sodium Silicate Glasses.
4Na20·96Si02

10Na20·90Si02

25Na 20·75Si0 2

Annealing Condition

922°K, 1 h

778°K, 3/4 h

725°K, 1 h

TSDC Peak Temp. (°K)

220

233

205

Density {g/ cm3)

2.238

2.306

2.446

Molar Volume (cm3)

26.85

26.11

24.73

Overall Composition (mol%)

Overall Na+ Concentration
in Glass (ions/cm3)

1.8

X

1021

4.6 X 1021

1.2

Q {C)

1. 5

X

10-l 0

6. 2

l .44

X

10-l 0

X 1022
X

10- 9*

Tp (°K)

225

235

210

c:p (V/cm)

2645

2008

2008

Ea (kcal/mol)**

9.7

11.5

10.5

_,
0
0

Table III (Continued)
6.9 X 10 20

4.2 X 10 21

Estimated Composition of
Sodium-rich Phase (mol%)

20Na20·80Si02

21Na20·79Si02

25Na20·75Si02

Estimated Wt.% of Sodiumrich Phase

4.9

38.9

100.0

4.4 X 10 20

3.8 X 10 21

1.2xl0 22

Nd (dipoles/crrr )***

Na+/cm 3 in Sodium-rich
Phase

Constants used for calculation are
A=0.3167 cm 2.

~=3.68

l.Oxl0 22

x 10- 27 cm·C, k=l.38 x 10- 23 joul/(deg·molecule), and

*estimated from Fig. 2 Curve D
**from partial discharge
***from Eqs. (6) and (7)

__,
0
__,

Table IV
Relaxation Time for TSDC Peaks.
Glass Composition
(mol% Na20)

Peak
Temp.
(oKj

Relaxation Time
Eq. (11)
E**(kcal/mol)
10910l"o-

!m--hl

Relaxation Time
Eqs. (5) & (6)
E(kcal/mo1)
log,aTo-

!m--hl

0.18

374

18.2±1.0

-8.3±0.7

217

13.4±0. 3

-5.4

246

4

220

9.7±1.0

-7 5±1.0

137

7.0±0.1

-4.6

212

373

18.8±2.5

-8.7±1.5

207

12.5±0.2

-4.7

378

233

11. 5±1.0

-8.7±1.0

122

7.6±0.2

-5.0

132

290

16. 2±1.5

-10.1±0.8

129

11. 2±0. 3

-6.1

208

205

10.5±1.0

-9.1±1.1

124

Not determined

248

13.8±1.0

-10.1 ±0 9

115

Not determined

10

25

0

0

*measured at heating rate of 0.07±0.003 °K/s.
**from partial discharge.

__,
0

N
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CHAPTER 5
THERMALLY STIMULATED POLARIZATION AND DEPOLARIZATION CURRENT
(TSPC/TSDC) IN GLASS, II. SODIUM BORATE GLASSES
Chi-Ming Hong and Delbert E. Day
Ceramic Engineering Department and
Graduate Center for Materials Research
University of Missouri-Rolla
Rolla, Missouri 65401

ABSTRACT
The thermally stimulated polarization and depolarization current
(TSPC/TSDC) technique has been employed to study Na+ ion motion in four
sodium borate glasses {4 to 16 mol% Na20) over the temperature range
100 to 500°K.

The TSDC peak observed in each glass is tentatively

attributed to interfacial polarization at the boundaries of immiscible
phases.
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I.

INTRODUCTION

Alkali ion motion in alkali borate glasses has been studied by
radioactive tracer diffusion, 1 dc 2 and ac 1 conductivity, and nuclear
. resonance ( NMR ) . 3-5 The thermally stimulated polarization and
magnet1c
depolarization current (TSPC/TSDC) technique, 6- 8 is a different approach
for studying alkali ion motion in these glasses.
As described previously, 9 this technique has been successfully
applied to sodium silicate glasses and a high silica glass doped with
Na20 and Al203.
tified.

Three different types of sodium ion motion were iden-

The most localized was the jumping of a Na+ ion to other sites

around a given non-bridging oxygen (NBO), i.e. a type of Na-NBO dipole
orientation.

The next motion of intermediate range, few hundred

angstroms, occurred within the sodium-rich phase of phase-separated
glasses.

This lead to interfacial polarization at the immiscible phase

boundaries where the Na+ mobility changed abruptly and resulted in Na+
ion buildup/depletion.

This motion was detectable by a TSDC peak which

generally occurred at temperatures just slightly lower than where the
Na+ ion motion for de conduction commenced.

The high temperature back-

ground (HTB) of the TSPC curves was found to correlate with the same
Na+ ion motion responsible for de conduction and alkali diffusion.
The structure of alkali borate glasses differs significantly from
that of alkali silicate glasses.

NMR measurements 3 show that nearly all

the B0 3 triangles are converted to BO~ tetrahedra up to alkali oxide
concentrations of about 30 mol%.

NBO ions are present in increasing

numbers in borate glasses containing >20 mol% alkali oxide, 10 but at
lower alkali content the NBO concentration is ideally zero.

Based on
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this structural model, the TSPC/TSDC peak observed in sodium silicate
glasses which has been attributed to Na-NBO dipole orientation would
not be expected in alkali borate glasses.
Some short range alkali ion motion has been suggested from the NMR
line narrowing 4 ' 5 observed in lithium borate glasses.

These results

suggest two possible types of short range alkali ion motion in alkali
borate glasses, the jumping of the alkali ions about the faces of the
80 4 tetrahedra 4 or a restricted motion within the alkali-rich phase 5 of
phase-separated glasses.

These short range ionic motions are similar

to those observed in sodium silicate glasses by the TSPC/TSDC technique.
This paper presents some preliminary TSPC/TSDC results for sodium
borate glasses containing 4 to 16 mol% soda.

The TSPC/TSDC spectrum of

the borate glasses are compared with those for sodium silicate glasses.

112

II.

EXPERIMENTAL PROCEDURES

The procedures and apparatus for measuring thermally stimulated
currents in glass have been described previously. 11

The technique

basically consists of measuring the temperature dependent current when
either (a) a previously unpolarized specimen is heated from some low
temperature with an electric field, Ep' applied (TSPC) or (b) a specimen previously polarized at higher temperature, Tp, is heated from a
low temperature, but without an applied field (TSDC).

Hereafter, TSPC

and TSDC denote a measurement with and without an applied field,
respectively.
Specimens of four sodium borate (4, 8, 12 and 16 mol% Na 2 0) glasses
which had been annealed -l0°K below their transformation temperature for
-2 h and slowly cooled to room temperature were investigated.

The melt-

ing and preparation procedures of these glasses described elsewhere 1 and
they are hereafter referred to by their Na 2 0 content, e.g. 4%, 8%, etc.
The specimens were 1 em square and 0.14 to 0.25 em thick.

Circular gold

electrodes (0.635 em in diameter) were vacuum evaporated onto opposite
faces.

Prior to measurement the specimen was heated (-380°K) overnight

in an evacuated

(~35 ~m

Hg) cell to remove moisture from the system.

The cell was then filled with dry helium to improve heat transfer and
minimize temperature gradients.

During heating, the current was

measured with an electrometer* and recorded on an X-Y recorder.

The

accuracy of the electrometer was ±2% of full scale for 1.0 x 10- 11 to
0.3 A and ±4% of full scale for 1 x 10- 14 to 3 x 10- 12 A.

Currents

<5 x l0- 14 A could not be measured accurately and currents <l x 10- 13 A
*Keithley Instruments, Model 6108 electrometer, Cleveland, Ohio.
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could not be accounted for quantitatively due to background noise
(-1 x 10

13

A).

During a TSDC measurement, the resistance of the

electrometer shunt resistor was kept at least two orders below the
specimen resistance, so that the specimen could discharge freely.

All

measurements were made without guard rings. 12
The temperature was measured with a chromel-alumel thermocouple in
contact with an uncoated portion of the specimen.
accuracy was ±l°K for heating rates of 0.07°K/s.

The temperature
The reproducibility

of the peak temperature was ±3°K for the same heating rate.
TSDC was measured from 100°K to

500°K.

The TSPC/
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II I.
(1)

RESULTS

Description of Typical TSPC/TSDC Measurements
The TSPC/TSDC curves for the 4% glass shown in Fig. 1 are used to

describe the general measurement procedures, and are generally typical
of the results for the higher sodium glasses.

In a typical TSPC mea-

surement the specimen was cooled to 100°K where a de field (3437 V/cm)
was applied.

The TSPC-1 curve shows the current measured when the

specimen was heated, 0.07°K/s, the first time. The specimen was then
requenched to 100°K, with the de field still applied, and reheated a
second time, TSPC-2.

On requenching the specimen to 100°K for the

third time, the de field was removed and the specimen reheated, curve
TSDC-3.
The general features of these results which pertain to not only
the 4% glass, but to higher sodium-containing glasses as well, are as
follows.

First, a large and reproducible current, hereafter called the

high temperature background (HTB) current, is observed at high temperatures in TSPC-1 and 2.

Its temperature dependency is given by
i (T)=i 0 ( -Ea/RT)

( 1)

where i(T) is the current at T, Ea is the activation energy and Rand T
have their usual meaning.

Second, a TSDC peak at 453oK is observed in

TSDC-3 which was undoubtedly hidden by the onset of the HTB current
when the specimen was heated with an applied field, TSPC-1.

Finally,

the reversibility of the processes being measured is quite good since
the sum of the TSPC-2 and TSDC-3 curve is essentially identical to the
TSPC-1.
As expected from the known increase in de conductivity with

115

increasing alkali content, the de conductivity calculated from the HTB
of the TSPC-2 curve for each glass increased rapidly, curves A-D in
Fig. 2, and was in good agreement with the conductivity determined by
other techniques. 1 ' 2 Curve E in Fig. 2 shows the ac conductivity 1 for
the 16% glass which was from the same melt as the TSPC/TSDC specimen.
Curves F and G in Fig. 2 show the de conductivity 2 reported for glasses
whose composition, 10 and 5 mol% Na 2 0, respectively, are similar to
those for curves C and B. This agreement is clear evidence that the
HTB stems from the same sodium ion motion responsible for the ac and de
conductivity.

The activation energy determined from the HTB is given in

Table I and is in excellent agreement with that for ac and de conductivi~.

The TSDC peak in Fig. 1 is considered to be due to polarization
occurring within the specimen bulk.

Evidence showing that a similar

TSDC peak in a sodium silicate and a lead silicate glass, whose conductivity is similar to the borate glasses, was due to bulk polarization
rather than electrode polarization has been described previously. 11
{2)

Compositional Dependence of TSDC Peak
The general appearance of the TSDC curves for the four glasses

investigated is shown in Fig. 3. All four Glasses exhibited one peak
which moved to lower temperature and became larger with increasing
sodium content except for the 8% glass where the peak is slightly
smaller than in the 4% glass.

For higher alkali glasses (~8 mol% NazO),

the onset of the background current is clearly visible in Fig. 3.

This

background current persisted to high temperatures (-500oK, the maximum
temperature used for the TSDC measurement) without any observable peak,
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indicating some small amount of space charge polarizationl3 in the more
conductive glasses.
The major difference between the sodium borate and silicate glasses9 was the absence of the low temperature (-220°K) peak observed in
silicate glasses.

In the borate glasses, even a small peak at low

temperatures would be detectable, because of the low de conductivity in
this region.

The absence of the low temperature peak in the borate

glasses supports the assignment of this peak in sodium silicate glass
to Na-NBO dipole orientation.
(3)

Dependence on Polarization Temperature Tp
The TSDC peak observed in each glass depended upon the temperature

of polarization (Tp) as illustrated by the curves in Fig. 4 for the 4%
glass.

As shown in Fig. 4, both the temperature (Tm) and magnitude of

the peak increased with increasing Tp for a fixed polarization time
(tp), curves A and B, until saturated conditions were reached, curve C.
At saturation, the TSDC peak had a fixed and well defined Tm, independent of Tp.

In subsequent sections of this paper where calculations

are made using the peak magnitude/charge and maximum temperature, only
data for saturated conditions are used.
(4)

Activation Energy for TSDC Peak
The activation energy for the 453°K peak in the 4% glass was

determined by the partial discharge techniques as described elsewhere.6,9

Briefly, the technique consists of partially discharging the

peak by heating the specimen to some temperature lower than Tm'
requenching the specimen to T0 (-100°K), reheating to a temperature
slightly higher than that used previously, and repeating the quenching/
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heating cycles until the TSDC peak is totally discharged.

The activa-

tion energy is then calculated from the slope of the resulting partial
discharge curves, using the equation 9
(2)

An alternative way for determining the activation energy applies
to only first order processes where the o/w ratio for a TSDC peak should
be 0.42; 14 w being the peak width at half-height (°K) and

o being

half-height width for the high temperature side of the peak.

the

In this

method, the only parameter needed for calculation is the peak temperature Tm, according to the equation 9 , 15
{3)

where Ea is the activation energy and k is the Boltzmann Constant.
Since the TSDC peaks in the four glasses investigated had a o/w ratio
of 0.42±0.031, the activation energy was calculated from Eq. (3), Table
I.

The activation energy for the 453°K peak in the 4% glass determined

by either partial discharge or Eq. {3), agreed well, Table I.

Similar

agreement between these two methods has been reported also for the TSDC
.
ASz Se3. 15
peaks in sodium silicate glass 9 an d v1treous
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IV.
(1)

DISCUSSION

General Interpretation-Origin of TSDC/TSPC
An overall conclusion of this investigation is that all features

of the TSDC/TSPC curves, as depicted in Fig. 1, originate from sodium
ion motion.

The excellent agreement between the activation energy of

the HTB portion of the TSPC curves and that for sodium diffusion 1 or
electrical conductivity, 1 • 2 Table 1, shows that the HTB is due to the
same long range sodium motion commonly envisioned for diffusion and
conductivity.
The only short range alkali ion motion reported in alkali borate
glasses is that for
30 mol% Li 2 0.

7

Li+ motion in glasses 4 • 5 containing 28.6 and

The correlation of the TSDC peak with short range sodium

ion motion is less evident, but the similar structure of lithium and
sodium borate glasses, 3 • 10 suggests that the short range alkali ion
motion 4 • 5 reported in lithium borate glasses might be applicable to
sodium

borate glasses.

Furthermore, the dependence of the TSDC peak

temperature and magnitude on sodium concentration, Fig. 3, is consistent with the TSDC peak originating from sodium ion motion.
(2)

Interpretation for TSDC Peak
For the reasons cited below the TSDC peak is believed to result

from some type of localized short range sodium motion.

The first is

that each TSDC peak observed in this investigation has a well defined
This
peak maximum, and became independent of Tp when TP>Tm' Fig. 4.
behavior is consistent with orientational rather than space charge
·
ne1'ther a well defined peak maximum nor eventual
polarization, s1nce
saturation would be expected for space charge polarization.
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The second is that the TSDC peak in the 8 to 16% glasses occurred
at temperatures lower than the onset of the background current which
has been correlated with the de conductivity and which eventually leads
to space charge polarizations Fig. 3.

Thus the peak could result from

short range ionic motion rather than from the longer range motion
associated with the background current.
In sodium silicate glassess the TSDC peaks attributed to Na-NBO
dipole orientation and interfacial polarization possess the above
mentioned characteristics. 9 It is possibles therefores that the TSDC
peak in the sodium borate glasses could be due to either the jumping of
the Na+ ions about the faces of a so~ tetrahedron 4 or to the restricted
ionic motion within the alkali-rich phase of phase separated microstructures. 5
The first point to be considered is the microstructure of these
glasses.

Transmission electron microscopy of these glasses showed a

certain degree of heterogeneity whichs unfortunatelys could not be
photographed due to the heating of the specimens in the electron beam.
Phase separation in the 8%s 12% and 16% glasses is considered likely,
16 an d
. h"1n t he reporte d 1mm1SCl
. . .b.l"t
since their composition is w1t
1 1 y gap
they were annealed at ~l0°K below their transformation temperature for
2 h.

Since NMR data 5 has shown that either extremely fine scale phase

separation or local compositional variations exist in glasses outside
the immiscibility gap determined by Shaw and Uhlmanns 16 microstructural
heterogeneity may be also expected in the 4% glass.

This microstruc-

tural heterogeneity could lead to interfacial polarization at the phase
boundaries which could account for the TSDC peak.
Next to be considered is the activation energy for the TSDC peak.

12 0

In sodium silicate glasses the activation energy for the Na-NBO dipole
orientation peak depends primarily on the strain energy 9 which is a
function of the shear modulus of the glass and the ionic
diameter. 2 ' 17- 18 I n so d.1um borate g1asses, the jumping of a sodium ion
about a B04 tetrahedron, as proposed by Bishop et a1. 4 in lithium
borate glass, could also be considered as a type of Na-B0 4 dipole.

The

activation energy for this motion would be essentially the same as the
strain energy required for sodium ion motion through the glass network.
This hypothesis is supported by the 5.1 kcal/mol activation energy
determined by NMR4 and attributed to Li motion around a 80 4 tetrahedron
in a 28.6 mol% Li 2 0 borate glass.

This activation energy is in reason-

able agreement with the calculated strain energy for this glass,
4.6 kcal/mol, when the method used by Matsushita et a1. 2 and the
approximations used for calculating strain energy are considered (ionic
radii for Li+, 0.78
density of the glass, 19 2.24 g/cm 3 ; and shear

A;

modulus, 20 3.7 x 10 11 dynes/cm 2 ).
The strain energy for sodium ion motion in the sodium borate
glasses calculated by Matsushita et al. 2 is given in Table I.

It is

apparent that the activation energy for the TSDC peak is much higher
than the calculated strain energy.

This suggests that the TSDC peak

observed in this study is unlikely to be due to the jumping of the
sodium ion about the 80 tetrahedra as proposed by Bishop et al. 4
4

In sodium silicate glasses the TSDC peak due to interfacial polarization has been found 9 to have the activation energy close to that of
the de conductivity in a glass whose overall composition corresponds
to that of the alkali-rich phase. 9

In sodium borate glasses, the

reported16 immiscibility ranges from 7 to 24 mol% Na 2 0 so the alkali
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rich phase in these glasses would contain -24 mol% Na20.

The activa-

tion energy for de conductivity 1 listed in Table I for the 24% glass is
indeed close to the activation energy measured for the TSDC peaks.
This agreement suggests that the TSDC peak observed in the sodium
borate glasses is most likely due to interfacial polarization at the
immiscible phase boundaries or between compositionally different
regions as proposed by Henderickson et a1. 5
It has also been found that the magnitude of the TSDC peak, due to
interfacial polarization in the sodium silicate glasses, 9 is proportional to the interfacial area.

For the same volume fraction of a

second phase, a finer microstructure, should result in a larger interfacial area, and, consequently, a larger TSDC peak.

The slightly

larger TSDC peak in the 4% glass, therefore, could be explained by a
finer microstructure, than that in the 8% glass.
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V.

CONCLUSIONS

The TSDC peak found in 4 to 16 mol% Na20 borate glasses is
believed due to interfacial polarization at the immiscible phase
boundaries.

This interfacial polarization results from short range

motion within the sodium-rich phase (high mobility phase}, as proposed
by Henderickson et a1. 5 The absence of the TSDC peak attributed to
Na-NBO dipole orientation in sodium silicate glasses is consistent
with the absence of NBO in the sodium borate glasses.

The high temper-

ature background current showed good correlation with the de conductivity and is attributed to the long range sodium ion motion for de
conduction or sodium ion diffusion.
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LIST OF FIGURES

Figure
1.

Typical TSPC/TSDC Curves for a 4Na20•96B203 (mol%) Glass.
EP=3437 V/cm, specimen thickness: 0.142 em, electrode area:
0.3167 em. Dotted

(······) line is background, no polarization,

curve.
2.

Temperature Dependence of DC Conductivity for Sodium Borate
Glasses Calculated from TSPC-2.
A for 4Na20•96B203, B for 8Na20•92B203, C for 12Na20·88B203,
D for l6Na20•84B203, E and
F and

V

Afor l6Na20·84B203from Ref. 1,

for 15Na20•85B203from Ref. 2, G and []for 10Na20·90B203

from Ref. 2.
3.

Compositional Dependence of the TSDC Peak.
A for 4Na20•96B203, B for 8Na20·92B203, C for 12Na20•88B203,
D for 16Na 20•84B20 3. All curves measured after TSPC between 100
to 500 °K.

4.

Dependence of the TSDC Peak in a 4Na20·96B203 Glass on Polarization Temperature.
Ep=3437 V/cm, A for Tp=4l9°K, B for Tp=447°K, C for saturated
peak (TSDC-3 after TSPC-1 and 2 between 100 to 483 oK). tp=l200 s
for A and B, t

p

=

1 x 10~ s for C.
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Table
I.

Activation Energy for DC and AC Conductivity, Sodium Diffusion,
HTB, and TSDC Peak in Sodium Borate Glasses.

Table I
Activation Energies for DC and AC Conductivity,
Sodium Diffusion, HTB, and TSDC Peak in Sodium Borate Glasses
Glass Composition (mol% NazO)
Activation Energy (kcal/mol)

4

8

DC Conductivity+

12

16

24

-30.6

-25.6

-20.4

25.5±0.7

20.8±1.6

29.4±0.8

25.8±2.2

19.7±1.7

28.6

26.0

AC Conductivity+
Sodium Diffusion +
HTB From TSPC-2

30.3

31.7

TSDC Peak Tm (°K}
453

Eq. ( 2)
Eq. ( 3)

440

Eq. ( 3)

396

Eq. ( 3)

365

Eq. ( 3)

21. 4±0. 9
22.5
21.9
19.7
18. 1
-5.7

Strain Energy*

-6.0

-6.4

irnterpo1ated from Ref. 2.
+Ref. 1

*Interpolated from Ref. 2.

N
\.0
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